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LITERATURE REVIEW 
Prehistorically, the vast majority of lead was present in 
mineralogical form in the earth’s crust. The accepted average value 
for the lead content of the earth’s crust is 15 ug/g or 150,000 tons/ 
3 
mile . The insoluble sulfide ore, galena (PbS) , is the primary form 
of lead in the natural state (Zimdahl and Hassett, 1977). Minute 
quantities of lead were also present in the air, water, and in living 
organisms. 
Transport of lead via the air is the main means by which lead 
is dispersed throughout the environment. Lagerwerff (1972) lists 
natural sources of aerial lead as being soil and rock dusts; volcanic, 
210 
meteoric, and marine aerosols; wood smoke and Pb from Rn exhala¬ 
tion by the earth. Estimated natural emissions of lead aerosols to 
the earth’s atmosphere are only about 1/100 those of industrial 
lead emissions and the natural concentration of lead in continental 
3 
air was about 0.04 ng/m in prehistoric times compared to about 10 
3 
ng/m in the remote regions of North America today (Settle and 
Patterson, 1980). 
In a study of lead concentrations in the polar ice caps, 
Murozumi, Chow and Patterson (1969) found that lead concentrations 
have risen from less than 0.001 ug Pb/kg ice at 800 B,C. to greater 
than 0,2 ug Pb/kg ice today in the north polar ice sheets, with the 
sharpest rise occurring after 1940. The sharp rise coincides with 
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the introduction of lead alkyls in gasoline. Settle and Patterson 
(1980) estimated that the natural concentration of riverine fresh 
water to be less than 0.02 ng Pb/g and surface seawater to be 0.0005 
ng Pb/g during prehistory. Today an average of 23 ng Pb/g has been 
found in a sample of rivers and lakes in the U.S, (Lagerwerff, 1972). 
On the assumption that trees constitute a majority of the 
earth's biomass, Settle and Patterson (1980) estimated that during 
prehistoric times the natural concentration of lead in the biomass 
was about 4 ng Pb/g and that there has been at least a tenfold in¬ 
crease since then. 
The beginning of any significant contribution of anthropogenic 
lead to the environment came when smelting of silver from sulfide 
ores began over 5000 years ago. Lead was a byproduct of these smelt¬ 
ing operations and also was distributed from the mining of lead con¬ 
taining ores. Because of certain desirable properties lead ores were 
smelted for lead itself and world production rose from 160 tons/year 
4000 years ago to 80,000 tons/year during the Roman Empire to over 1 
million tons/year after the beginning of the Industrial Revolution. 
Today, about 3 million tons are produced annually (Settle and 
Patterson, 1980). 
Many diverse uses have been discovered for lead and its distribu¬ 
tion in the environment due to these uses has increased greatly since 
it first was mined and smelted. Three categories of lead pollution 
are now evident. 
The first or primary source of lead pollution results from the 
mining of lead from the earth's crust and subsequent purification for 
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human use. This category includes lead pollution from the prepara¬ 
tion of products that incorporate lead such as lead paint and electri¬ 
cal storage batteries, 
The secondary source of lead pollution comes from distribution 
of lead during use of lead containing products. This includes lead 
from paints, dyes, and inks; glazes for earthenware; gasoline and 
automobile exhaust; pesticides; electrical storage batteries; and 
lead pipe. Lead present as an impurity in agricultural chemicals is 
also included in this category. 
The third or teriary source of lead pollution is lead found in 
waste products. This includes sewage sludge, municipal wastes, and 
from incinerator activity. 
Primary Sources of Lead Pollution 
Although lead pollution from mining and smelting activities is 
localized, it may be intense. While lead mining is usually an under¬ 
ground operation, pollution may occur due to windblown ore concentrate 
from storage dumps, open trucks, railroad cars used for haulage, and 
tailings ponds. Smelting operations also contribute stack emissions 
(Zimdahl and Hassett, 1977). 
Although most of the lead pollution from mines and smelters is 
carried by the air a portion of the lead may be distributed from 
mine and mill waters and the washing away of tailings and concentrates 
by precipitation (Jennett et al., 1977). Airborne lead particulates 
from mines and smelters eventually settle to the ground but their 
distribution is governed by factors such as prevailing wind direction, 
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particle size, distance from the source, and amount of rainfall. 
Jennett et al, (1977) studying the emissions from the AMAX smelter 
located in the New head Belt of southeast Missouri found an average 
of 4.66 Ib/hr. of particulate lead being discharged from the main 
smelter stack under normal operation. Lead pollutants from smelters 
occur mainly in the mineral form. X-ray analysis of baghouse material 
from two smelters in southeast Missouri showed the presence of PbS, 
PbSO., elemental Pb, and a mineral tentatively identified as PbO-PbSO,. 
4 4 
TTie same materials were also identified in the soils near the smelter 
(Zimdahl and Hassett, 1977). 
UTicnever researchers analyzed vegetation growing on these highly 
contaminated soils they found a concurrent increase in the lead content 
of the vegetation. Soil microorganisms may be adversely affected by 
increased soil lead due to fallout from lead smelters (Jackson and 
Watson, 1977). High levels of other heavy metals such as Zn, Cu, Cd, 
Ni, Mo, Hg, Co, and Mn often accompany high lead levels due to their 
presence in lead ores (Colboum and Thornton, 1978; Jackson and Watson, 
1977; Jennett et al., 1977; Linzon et al., 1976; Nakos, 1979; and 
Warren et al., 1970). 
Secondary Sources of Lead PoHut ion 
For many years prior to World War II lead salts had been used in 
paints, dyes, and inks. Lead salts were replaced by titanium after 
the realization was made that the lead in lead-based paints was a 
significant source of lead in childhood lead poisoning (Ter Haar, 1975; 
Chisolm, 1971), Children usually up to the age of five that live in 
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deteriorating buildings and have the "pica behavior" (eating non¬ 
food substances including peeling paint and piaster^ arc the highest 
risk group of contracting lead poisoning from lead-based paint 
(Chisolm, 1971). 
Lead concentrations of 2000 ppm and greater (dry wt. basis) have 
been found in soils adjacent to buildings and the source of this lead 
has been shown to be lead-based paints (Bogden and Louria, 1975: 
Spittler and Feder, 1979). In a study of lead contamination in Boston 
urban gardens, Spittler and Feder (1979) found that increased soil 
lead levels from lead-based paint resulted in increased lead contents 
of several vegetable species grown on the contaminated soil. Tliey 
reported that there is also risk of reentrainment of the lead contamina¬ 
ted soil into the air and subsequently lead may be inhaled. Children 
playing in lead contaminated soil may ingest lead directly by eating 
soil that may be on their hands. 
Two other secondary sources of lead pollution affecting humans 
are earthenware improperly glazed with lead and lead contaminated 
alcoholic beverages. Chisolm (1971) cites several instances where 
improperly lead-glazed earthenware resulted in lead poisoning. Also 
described is the contamination of "moonshine" whiskey with lead from 
lead solder in distillation tubing and automobile radiators used as 
condensers. In a study on leaching of lead from ceramics, Henderson 
et al. (1979) found that homemade ceramic items consistently leached 
lead in excess of Food and Drug Administration standards and that 
most commercially made ceramics leached lead in much lower amounts. 
Lead may contaminate soils and vegetation from pesticides con- 
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taining lead (Lagerwerff, 1972; Zimdahl and Hassett, 1977). 
Vandecaveye et al. (1936) investigated the cause of poor growth of 
alfalfa and barley on old orchard soils that had been sprayed with 
lead arsenate for a number of years. They found high concentrations 
of both lead and arsenic in the soil and in plants grown on that 
soil. They attributed the poor growth of alfalfa and barley mainly to 
arsenic toxicity but noted a stunting effect of lead on barley grown 
on control soil amended with Pb(NO,).^, 
Jones and Hatch (1945) did a similar study growing vegetable 
crops on orchard soils contaminated with lead arsenate. They reported 
that of the four contaminated soils the lowest was 13.4 times and the 
highest was 39.8 times higher in lead content than uncontaminated soils 
of the same type collected from the same area. Lead assimilation by 
the vegetable crops grown on the lead contaminated soils ranged from 
1 to 3 times and 2 to 8 times the lead content of shoots and roots, 
respectively, of plants grown on uncontaminated soils,' Recent studies 
by Cliisholm (1972), Hess and Blanchar (1977), and Warren et al. (1970) 
of lead contaimination of soils and vegetation from lead arsenate 
support these findings. Studies by Aten et al. (1980) and Kenyon et 
al, (1979) concluded that orchard soils contaminated with several 
hundred ppm Pb (dry wt.) from Pb-arsenate did not result in lead levels 
in vegetables grown on these soils exceeding U. S. Public Health Service 
standards. 
Gasoline combustion accounts for more than 80% of lead in the 
air. Tlie domestic consumption of lead added to gasoline as tetraethyl 
lead in 1968 amounted to 235,000 metric tons, or 6% more than in 1967, 
V.’ith not more than 60% of conibusted lead considered airborne, the 
production of aerosol lead due to traffic during that year would have 
aiaounted to 141,000 metric tons, or 10% of U.S, consumption (Lagerwerff, 
1972). Piver (19“7) gives similar data on domestic lead consumption. 
Lead is added to gasoline primarily as tetraethyl (TEL) and 
tetracethyl lead. The lead content of gasolines ranges from 134 ug/ 
ml TEL for low lead grades to 600 ug/ml TEL for premium grades accord¬ 
ing to Piver (1977). He states that the major chemical form of lead 
in particulate emissions in automobile exhaust is PbBrCl. Some minor 
constituents of exhaust are PbCl^'PbClBr, (PbO).,, PbO-PbSO^, and PbSO^. 
Khat happens to the lead in exhaust emissions is governed by 
factors such as the particle size distribution, total amount emitted, 
chemical coc^osition of the particles; and climatic and geographic 
conditions such as prevailing winds, amount of rainfall, and terrain. 
These factors and their interactions are discussed in reviews by 
Piver (1977) and Reiter et al, (1977). 
Lead from exhaust emissions have been found to travel great dis¬ 
tances in the air. In their study of lead contamination of Greenland snow 
strata, .Murozum.i et al, (1969) attributed the large rise in lead con¬ 
tent in the snow strata to airborne lead from lead smelters prior to 
1940 and to burned lead alkyls (from gasoline) after 1940, Rabinowitz 
(1972) found, based on the unique isotopic ratio of lead (^^^Pb/^^^Pb) 
in TEL, that lead from gasoline could be traced 50 to 100 km from the 
Los .Angeles Basin. Siccama et al. (1980) found a significant increase 
in lead content of the forest floor in central Massachusetts from 
1962 to 19"8. There were no smeltering activities or highways noted 
in close proximity to the sampling sites during the 16 year time 
period. 
The more localized areas where lead from exhaust emissions 
settle are close to main highways and roads, mainly urban and sub¬ 
urban environments (Purves, 1967; Smith, 1972; Solomon and Hartford, 
1976; and Williams, 1974), There have been numerous reports of road¬ 
side contamination of soils and vegetation with lead from automobile 
exhaust. Early reports of contamination of vegetation were published 
by Cannon and Bowles (1962) and Warren and Delavault (1962). Lead 
concentrations of greater than 500 ppm (dry wt. basis) have been re¬ 
corded for soils adjacent to highways (Lagerwerff and Specht, 1970). 
It has been generally agreed upon that contamination of roadside 
soil and vegetation by lead decreases with increasing distance from 
the road to equal background levels at about 150 to 200 meters dis¬ 
tance (Goldsmith et al., 1978; Lagerwerff and Specht, 1970; Motto 
et al., 1970; and Page et al., 1971). As traffic density increases 
the amount of roadside lead contamination of soil and vegetation in¬ 
creases (Goldsmith et al,, 1976; Motto et al., 1970; Page and Gange, 
1970; and Page et al., 1971). Higher lead contents of vegetation and 
soil are found downwind from the road or highway (Cannon and Bowles, 
1962; and Page et al,, 1971). In the soil the concentration of lead 
decreases with increasing depth and the majority of lead is found in 
the surface 5 cm of soil (Lagerwerff and Specht, 1970). Motto et al. 
(1970) found the majority of lead in soil along highways to be in the 
upper 6 inches of soil. 
The majority of the lead from exhaust emissions contaminates plant 
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on their surface areas rather than from plant uptake from soil con¬ 
taminated with airborne lead (Motto et al., 1970; Page et al., 1971: 
and Rabinowitz, 1972). Page et al. (1971) states that the external 
plant characteristics affect the deposition of lead on the plant. 
Rough, hairy plant surfaces collected more lead than smooth surfaced 
plants, Also, only the exposed plant parts were contaminated: roots 
and edible portions of pod and husk crops were not affected by aerial 
lead. Ter Haar (1970) concluded similarly from his studies with 
vegetable and grain crops grown in greenhouses with and without 
filtered air and grown near a busy highway. Motto et al. (1970) made 
similar observations. However, in leafy crops such as lettuce more 
than 90% of the lead content may be from aerial deposition if the 
plants are grown near roadways (Rabinowitz, 1972), 
Direct inhalation of automobile emitted lead may increase blood 
lead levels of persons repeatedly exposed to automobile exhaust. 
Chisolm (1971) quotes studies that show that policemen in Cincinnati 
and Los Angeles and Boston automobile tunnel employees were exposed 
to higher levels of lead in the air and subsequently their mean blood 
lead levels rose. The control, rural population on the average was 
exposed to 0.5 ug Pb/ft^ air and had 16 ug Pb/100 gm blood while the 
3 
policemen and tunnel employees were exposed to 2,1 to 6.3 ug Pb/ft 
air and had blood lead levels of 21 to 30 ug Pb/100 gm blood. It was 
noted, however, that whether the data indicated higher total body 
burdens of lead was not known. 
10 
Tertiary Sources of Lead Pollution 
Berrow and Webber (1971) analyzed 42 sewage sludges from rural 
and industrial towns in England and Wales and found large concentra¬ 
tions of lead (range 120-3000 ppm Pb, mean 820 ppm Pb, dry wt. basis) 
as well as other trace elements. Tliey attributed the high trace ele¬ 
ment content of the sludges mainly to industrial effluent sources. 
Lagerwerff et al, (1976) found similar elevated trace element levels 
• » 
in Baltimore and Washington, D.C, sewage sludges, However^ there has 
been little consistency found in the amounts of lead and other trace 
elements in sludges from different locations, 
It has been generally accepted that the mobility of heavy metals 
is low in sewage sludges because of adsorption to organic colloids 
(Mitchell et al,, 1978), Precipitation as insoluble compounds also 
immobilizes lead in sludge. The amount of acetic acid soluble lead 
in sludge was less than 7% and was lower than most other trace elements 
(Berrow and Webber, 1971), Lagerwerff et al. (1976) observed that 
less than 1% of the total lead in sewage sludge could be leached 
after eight consecutive leachings with 0.06N CaCl^. Even less lead 
was leached when H^O was used as the leachant. Silviera and Sommers 
(1977) found that the majority of lead added to soils by sewage sludge 
amendments would be found as insoluble forms extractable with DTPA and 
HNO^ rather than in H^O soluble or exchangeable forms. 
Since sewage sludge is frequently applied to soils as an amend¬ 
ment the elevated lead levels as well as elevated levels of other trace 
elements may pose a health hazard from windblown contaminated soil and 
11 
uptake of these metals into plants and subsequent entry into the food 
chain. In a study of the effect of sewage sludge or garbage compost 
amendment to soil on the uptake of heavy metals by sweet corn and bush 
beans, Giordano et al. (1975) found that in the first year after 
sludge or compost application lead levels were not elevated in the 
plant tissues. However, one year later after another sludge or compost 
application the concentration of lead in corn foliage and grain and in 
bean pods was elevated. This indicated that a residual effect of lead 
in the soil from repeated sludge application could result in signifi¬ 
cant amounts of lead taken up by plants. However, Ham and Dowdy (1978) 
found no increase in foliar or seed Pb concentrations of soybeans 
grown in soils where up to 200 metric tons/ha of sludge containing 
approximately 2500 ug/g Pb (dry wt,) was amended. Possibly, the 
sludge composition which varies from source to source influences the 
availability of Pb and that some sludges even with high Pb contents 
may greatly restrict Pb availability, Ritter and Eastburn (1978) 
found significant increases in Pb concentrations in corn stover from 
plants grown on soils amended with up to 40 metric tons/ha of sludge 
containing 2,5 percent Pb, Corn grain did not increase in Pb concen¬ 
tration even at the highest sludge application rate. 
Lu et al. (1975), in a study of the effect of sewage sludge on a 
model ecosystem stated that high concentrations of lead as well as 
zinc, copper, and cadmium may be mobilized into ecosystem components 
(algae, snails, fish, mosquito larvae, and sorghum plants) from 
applications of sewage sludge to soil. Therefore, even though lead 
may not be available in a very soluble form in sewage sludge amended 
12 
to soils it is possible that significant amounts may enter the food 
chain under certain circumstances. 
Effects of Lead on Microorganisms 
Tornabene et al. (1977) in a review of literature on the effects 
of lead on several life forms stated that in studies on the environ¬ 
mental impact of lead it has been shown that for most naturally occur¬ 
ring bacteria lead can be readily tolerated without being lethal. They 
stated that the few reports of the inhibitory effects could not be 
representative of the effects of lead on all bacterial systems. They 
also stressed the need for further investigation to elucidate the 
effects of lead on bacteria. Lagerwerff (1972) states that certain 
nitrogen fixing bacteria may be inhibited by lead and other heavy 
metals. He attributes the inhibition to the replacement of metals in 
bacterial metal-enzyme complexes with the heavy metals causing instabi¬ 
lity and a loss of efficiency. However, lead concentrations up to 
500 ug/ml did not inhibit growth of denitrifying bacteria (Pseudomonas 
sp.) in either liquid culture media, auto claved soil, or non auto 
claved soil (Bollag and Barabasz, 1979), 
Lead salts may be toxic to aquatic microorganisms. In a study 
on the effects of lead from PbCl^ applied in a model ecosystem, Lu 
et al. (1975) observed that algae (Oedogonium sp.) and Daphnia sp. 
were accumulators of lead and that toxic levels of lead built up very 
quickly. 
Vallee and Ulmer (1972) in a review of lead effects on biological 
systems quote a study in which 0,02 to 0.05 mg Pb/liter in the aquatic 
13 
environment killed Daphnia magna in 15 days and the algae, Chi ore 11a 
vulgar!s within 30 days. 
Tornal'»ene et al . (1977) quotes studies in Great Britain and in 
the New Lead Belt of Missouri that found Microspora to be resistant 
to lead toxicity while Cladophora was very sensitive to lead. How¬ 
ever, in the stream environment where there was a low amount of soluble 
lead due to precipitation in the hard water Cladophora thrived. Be¬ 
cause of the low concentrations of soluble lead even in streams re¬ 
ceiving lead mining effluent the authors concluded that a combination 
of toxic effects from otlier heavy metals and altered nutrient condi¬ 
tions was the main cause of mortality to aquatic microorganisms, 
Jackson and Watson (1977) in a study on the effects of heavy 
metals accumulation in a forested watershed near a lead smelter found 
that populations of microbial decomposers of organic matter at the 
forest floor were depressed within 0.8 km of the smelter. The lead 
level in the forest floor litter was more than 30,000 ppm 0.8 km 
distance from the smelter. They found that as the distance from the 
smelter decreased from 0,8 km to 0.4 km there was a concurrent rise 
in the lead content of the forest floor litter and also a decrease in 
populations of microbial decomposers. 
^ffGcts of Lead on Animals 
The effect of lead on higher animal and human physiology is very 
similar in many respects. However, animals and humans relate to the 
environment very differently and are thus exposed to different sources 
of lead and many times different concentrations of lead. 
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Ter Haar (1975) in a review of lead effects on animals suggests 
that the impact of lead on animals is minimal except for problems 
near point sources of lead pollution. He cites cases where cattle and 
horses were lead poisoned from feeding on lead contaminated forage 
near industrial point sources. The significance of lead poisoning 
of cattle grazing near highways is considered low by Ter Haar and he 
cites studies showing that the lead content of milk and meat from 
cattle is very small (0.003 to 0.63 ppm and 5 ug/liter in beef and 
milk, respectively) indicating low assimilation of lead from grazing. 
Tornabene et al. (1977) cites studies showing lead toxicity to 
fish. In one study a concentration of 3 mg/liter lead nitrate in 
freshwater killed common American Killifish in 12 hours, and 10 mg/ 
liter killed trout in 48 hours. Other studies cite tolerance to lead 
concentrations greater than 10 mg/liter lead by goldfish and catfish. 
The authors state that tolerance varies with genera, and the chemical 
and physical environment of the fish. They caution that extrapolation 
from the laboratory studies to the true environment of fish is very 
difficult. 
Lead levels in fish tissue are seen to be generally low; 0.3 to 
1.5 ug Pb/g in a study of fish in New York state waters. Fish from 
the New Lead Belt area had much higher lead contents but this may have 
been due to ingestion of lead from highly contaminated algae with the 
majority of the lead eventually to be excreted. The toxic effect of 
heavy metals on fish was attributed to interference of gas exchange on 
the surface of gills where the heavy metals precipitate or coagulate. 
The reproductive performance of chicken hens was reduced when fed 
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1% lead acetate in a normal ration (Tornabene et al., 1977). A 
majority of studies of the physiological effects of lead on animals 
were performed using rats. A review by Vallee and Ulmer (1972) has 
concisely summarized the knowledge of biochemical consequences of 
lead exposure in both in vivo and in vitro systems of humans and 
animals. 
Effects of Lead on Humans 
Environmental lead enters the human body through ingestion or 
inhalation. Ingestion may be through food or non-food substances such 
as paint, dust or soil. Estimates of average dietary intake of lead 
ranges from 100 to 400 ug/day (Chisolm, 1971; Lagerwerff, 1972; 
Settle and Patterson, 1980; and Ter Haar, 1975), Of this 10% may be 
absorbed gastrointestinally and the rest is excreted (Langerwerff, 1972). 
Dietary lead may be the result of lead in foods, from accumula¬ 
tion in the food chain or contamination of processed food, Lagerwerff 
(1972) attributes most of the contamination of food through the food 
chain is due to aerial contamination. Ter Haar (1975) differs in 
opinion and states that lead in food naturally derived from the soil 
is the most important source of lead. Nevertheless it is generally 
agreed that under most circumstances lead naturally present in food 
is low. Increased lead levels in plants from lead pollution may signi¬ 
ficantly increase lead ingestion by life forms higher in the food chain. 
Food processing may increase lead levels of food many fold. Settle 
and Patterson (1980) refute previous studies that show increased con¬ 
centration of lead in canned tuna fish to be due to increased assimila- 
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tion of lead by tuna in the oceans. They attribute a 10,000 fold in¬ 
crease of lead content in canned tuna to the lead solder of the can 
itself. Hammond flO??) cites the difference between the content of 
milk taken directly from cows C9 ug Pb/liter) and the lead content of 
whole bulk market milk (20 to 40 ug Pb/liter) may be due to contamina¬ 
tion during processing. 
llie problem of lead contamination from lead-based paint has been 
discussed earlier. The ingestion of lead paint itself is mainly a 
problem with children that live in areas where building maintenance is 
poor. Chisolm (1971) reviews the problem of lead poisoning from lead 
paint. Ter Haar (1975) quotes studies that show 18 to 37% of the 
children sampled who lived in housing painted with lead-based paint to 
exhibit elevated blood lead levels. Lead may also be ingested from 
contaminated soils and dust. Solomon and Hartford (1976) found large 
amounts of lead in dusts and soils in a small urban community and 
attributed increased lead burden in children to be due to this. 
Hammond (1977) states that for workers in the lead-using indus¬ 
tries the major exposure problems occur in lead smelting and refining 
and in the manufacture of electrical storage batteries. Almost in¬ 
variably, the transfer of lead from the environment to the subject is 
by inhalation of dusts and fumes, Although levels have been reduced 
greatly recently, workers receive higher doses of lead than non¬ 
workers, Levels once considered safe are now being questioned because 
slowed peripheral nerve conduction and impaired renal function has 
shown up in workers exposed to these lead levels. 
Chisolm (1971) states that the average daily intake of lead from 
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inhalation is between 5 and 50 ug Pb. Lagerwerff (1972) estimates 
between 10 and 100 ug lead per day is inhaled. He quotes a study that 
showed that 75 of particulate lead from automobile exhaust is less 
than 1 micron in size and could reach the alveoli of the lungs. 
Another study quoted found 30 to 40% of the lead in particles less 
than 0.1 micron was absorbed into the bloodstream. 
Once lead has been absorbed into the blood it is carried to and 
accumulates in the liver, kidney and bone tissues. The main effects 
of lead are on the nervous and hematopoietic systems and on kidney 
functions. At the enzym.e level lead may interfere with ATP-ase, 
carboxy peptidase, dehydrogenases, and carbonic anhydrase by replace¬ 
ment of metal constituents of the enzymes with total loss of efficiency 
(Lagerwerff, 1972), According to Chisolm (1971) lead inhibits the 
activity of sulfhydryl (-SH) group requiring enzymes by binding with 
free -SH groups. Vallee and Ulmer (1972) state, however, that high 
concentrations of lead are required to inhibit most -SH enzymes but 
lower concentrations inhibit the -SH enzyme, ^-aminolevulinic acid 
dehydrase (ALAD), which functions in heme formation. The result is 
that S'-aminolevulinic acid builds up in the blood and elevated levels 
are found in urine. Heme biosynthesis is restricted resulting in the 
decreased life span of red blood cells and decreased amounts of 
hemoglobin per cell. Vallee and Ulmer (1972) state that red cell raem- 
brames are weakened, also decreasing life span. Immature red blood 
cells, reticulocytes and basophilic stipled cells appear in the blood 
and anemia results. The anemia is reversible once blood lead levels 
decrease. 
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The effects of lead on the nervous system are twofold according 
to Chisolm (1971). Brain damage occurs due to edema and direct 
injury to nerve cells. Also, peripheral nerve disease may be caused 
by damage to the myelin sheath of nerve fibers by lead. This may 
result from chronic overexposure, 
Lead causes kidney dysfunction apparently due to impaired energy 
metabolism (Chisolm, 1971), Amino acids, glucose and phosphate are 
lost to the urine because damaged tubular cells fail to reabsorb these 
substances completely. Other effects of lead poisoning are fatigue, 
headache, weight loss and neurological alterations (Vallee and Ulmer, 
1972). 
Most cases of acute lead poisoning occur in children who ingest 
lead paint chips. According to Chisolm (1971), mild symptom.s appear 
when blood lead levels are between 60 and 80 ug Pb/100 ml blood. 
Above 80 ug Pb/100 ml blood severe symptoms occur. The normal blood 
lead level is approximately 20 ug Pb/100 ml blood. Treatment is with 
injections of chelating agents such as EDTA (ethylenediaminetetraacetic 
acid) which tightly binds lead and eventually is excreted. 
Effects of chronic low level exposure to lead are not well under¬ 
stood and it is suspected of causing subtle learning disabilities in 
children living in urban environments. 
Behavior of Lead in the Soil 
■ ~ ~ ■ II. - - ' - » ■ ■ ■ ^ ^ — 
In a review of research on the behavior of lead in soil, Zimdahl 
and Hassett (1977) state that lead can be qualitatively described as 
affected by (i) the specific or exchange adsorption at mineral inter- 
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faces, (ii) the precipitation of sparingly soluble solid phases of 
which lead is a constituent, and (iii) the formation of relatively 
stable organic-metal complexes or chelates that result when lead 
interacts with soil organic matter. 
In situations where airborne lead contaminates soil a majority 
of the lead accumulates in the upper soil horizons, Nakos (1979) 
found that most of the lead contaminating soils near a lead smelter 
accumulated in the humus and top layer of the mineral soil. This has 
been attributed partially to adsorption of lead to mineral colloids 
in addition to the precipitation of sparingly soluble lead compounds 
and complexing of lead with organic matter. 
Leaching studies cited by Zimdahl and Hassett (1977) found that 
only very small amounts of lead could be leached from soils by water 
and that soil has the capacity for immobilizing substantially more 
lead than was applied. Lead nitrate was amended to soils in columns 
so soil lead concentrations were 460 and 4300 ug/g and the soils were 
leached with the equivalent of 105 acre-inches of deionized H^O. 
Leaching removed only 1,6 and 6,2% of the lead present in the 460 and 
4300 ug/g columns, respectively, 
Hassett (1974) found that on selected Illinois soils the capacity 
of a soil to sorb lead from aqueous solution in column leaching experi¬ 
ments increased with increasing cation exchange capacity (CEC). Higher 
organic matter content, higher surface area, and higher clay content 
were found to have a greater effect on lead sorption than soil pH,and 
soil pH had a greater effect than soluble phosphorus content. Zimdahl 
and Hassett (1977) quote studies at Colorado State University that 
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showed the high degree of lead immobilization by soil may be directly 
correlated with soil CEC and inversely with soil pH. 
Bittell and Miller (1974) determined selectivity coefficients 
for lead, cadmium, and calcium exchange adsorption with montmorilIonite, 
illite and kaolinite clays. It was concluded that adsorption of lead 
would be favored by a factor of 2 or 3 over calcium on all three clays. 
Jurinak and Santi1lan-Medrano (1974) found similar preference of lead 
over calcium for adsorption in a soil system. 
Lagerwerff (1972) quotes studies predicting that relatively 
soluble lead halides originating from automobile exhaust may be 
carried downward in the soil a short distance but would exchange the 
halides with sulfate, carbonate, or phosphate anions and become less 
soluble, Jurinak and Santi1lan-Medrano (1974) found that the main 
mechanism regulating lead solubility in the non-calcareous soils studied 
was the precipitation of Pb(0H)2 and Pb^(P0^)^0H, In calcareous soils 
they suggest that, in addition, also may precipitate. They 
concluded that calcareous soils are an excellent sink for lead ions 
and that extractable phosphate and pH in soil systems are of importance 
in the reduction of lead concentration in soil solutions, 
The effect of pH on lead in soil has been attributed to its 
effect on solubility of lead compounds and to the effect on lead adsorp¬ 
tion to colloids. As pH decreases it has been found that amounts of 
soluble lead increase due to an increase in solubility of the sparing¬ 
ly soluble lead salts. Conversely, as pH increases soluble lead may 
decrease due to precipitation. John and Van Laerhoven (1972a), how¬ 
ever, have shown that formation of lead carbonate may not explain the 
effect of pH on lead availability, Hydrogen ions competing with lead 
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for adsorption on colloids at low pH may also increase the mobility 
of lead. 
In the studies at Colorado State University (Zimdahl and 
Hassett, 1977) it was determined that organic matter was the primary 
immobilizing agent for ionic lead. Fixation by interaction with clay 
minerals or by surface adsoption processes appeared to be of less con¬ 
sequence. Other studies show lead to be concentrated in humus and that 
sorption is to humic acids. Settle and Patterson (1980) stated that 
humus probably constitutes the principle reservoir for biological lead 
in the soil. In field studies, Stevenson and Welch (1979) found signi¬ 
ficant downward movement of applied lead occurred to 90 cm in a Drummer 
silty clay loam soil. They attributed lead movement to leaching as 
soluble chelate complexes with organic matter, transfer by soil organ¬ 
isms, and translocation by plant roots. Hahne and Kroontje (1973) 
showed that hydroxy and chloride complexes may contribute to the mobili¬ 
zation of lead as well as mercury, cadmium, and zinc from their spar¬ 
ingly soluble salts. 
Soil amendments such as organic matter, lime, and phosphate have 
been shown to decrease plant available lead and these are discussed 
in the section dealing with factors influencing lead uptake and 
accumulation by plants. 
Interaction of Lead with Plants 
Because of the presence of lead in the air and soil, plants may 
accumulate lead through foliage and roots. Much research has been 
devoted to measure the uptake of lead by plant foliage and roots and 
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factors that influence uptake. It is obvious that quantities of lead 
in plants may lead to ingestion of lead by humans and for this reason 
research in this field has been necessary. 
Settle and Patterson (1980) estimate that the natural concentra¬ 
tions of lead in the biomass (mainly trees) during prehistoric times 
was approximately 4 ng Pb/g (ppb). This was based on analysis of 
century-old portions of the stems of softwood trees. 
Due to anthropogenic sources of lead the lead content of plants 
has increased. The contemporary normal lead content of some oven 
dried vegetable crops was measured to be 0,1 to 1.0 ppm (Warren and 
Delavault, 1962). Other reports give varied lead concentrations in 
plants from a fraction of a ppm normally found to thousands of ppm 
due to contamination. Studies vary in their findings of lead content 
for plants because of variation in the factors that affect plant lead 
assimilation. 
For most plants grown for human consumption, lead contents are 
low enough so that there is not a threat to the general health of 
people; however, in certain situations lead contamination of plants is 
severe, and consumption of such plants may pose a health hazard. 
Lead Uptake by Plant Foliage 
The contamination of soils and vegetation from airborne lead 
originating from automobile exhaust and point sources such as lead 
mines and smelters was discussed earlier. The evidence revealed that 
aerial lead concentrations correlated with concentrations found in 
plants and soil and that it decreased with increasing distance from 
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the source (Dedolph et al,, 1970). 
71ie form of airborne lead is mainly particulate. Lead particles 
from smelters are mainly elemental lead, PbS, PbSO,, and PbO'PbSO 
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(Zimdahl and Hassett, 1977). Automobile emitted particulates are 
mainly PbBrCl (Piver, 1977). These particulates undergo some chemical 
changes while in the air, mainly into less soluble forms (Lagerwerff, 
1972). Depending on the particle size (avg. size 0,25 micron), the 
residence of lead in the air may be up to 4 weeks, the smaller the 
particle the longer the airborne period. Thus it is particulate lead 
fallout that first comes into contact with the aboveground plant parts, 
Warren and Delavault (1962) showed that trees in an urban environ¬ 
ment had lead contents of first year stems 25 times greater than 
trees sampled from a rural area. They correlated the heavy urban 
automobile traffic to the increased lead levels in the trees. Smith 
(1972) sampled trees in New Haven, Conn, and found levels of lead 
exceeding 100 ppm (dry wt. basis) in shoots, leaves and twigs, 
Cannon and Bowles (1962) sampled vegetation along highways and found 
up to 3000 ppm (in the ash) lead in the stems and leaves of grass. 
Many other studies have shown increased lead levels in plant foliage 
near highways, in urban areas, and near point sources. 
Although airborne lead originating from automobile exhaust is 
mainly associated with halides,chemical changes may occur so that lead 
deposited on plant surfaces may be associated with other anions. 
Koslow et al. (1977) used electron microscopic techniques to identify 
lead compounds on leaves of London plane trees growing in an urban 
environment. They found lead aerosol particles associated with sulfate 
24 
and phosphate rather than with chloride or bromide. 
There has been controversy over the mechanism of contamination 
of plant foliage with airborne lead. Lead particulates may contaminate 
foliage by direct deposition on foliage followed by foliar absorption 
or contamination may be by root absorption and translocation to the 
foliage from soils contaminated from airborne lead fallout. Both 
mechanisms have been investigated. 
Because very little lead is translocated from roots to shoots 
of plants except in certain situations (see section on uptake by 
plant roots) the high lead contents of foliage probably is due to 
aerial deposition of lead directly on the exposed plant surface. 
Langerwerff (1971) compared the lead content of radishes grown 200 
meters from a highway to radishes grown in an environment protected 
from aerial contamination. Aerial contamination accounted for more 
than 40% of the lead content of radish tops and almost none in the 
roots. A 10-fold increase in the lead content of the soil was re¬ 
flected in an increase in the lead content of radishes by a factor of 
less than 2. 
Ter Haar (1970) found in his studies with aerial lead contamina¬ 
tion of 10 vegetable crops that only the exposed plant parts accumula¬ 
ted airborne lead and that unexposed parts (roots, edible portions of 
pod and husk crops) did not show any increase in lead content. These 
studies strongly support that the majority of lead in foliage from 
aerial contamination is located on the surface of the foliage and is 
not translocated from the roots. 
The fact that plants can absorb nutrient ions through their 
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foliage has aided in alleviating nutrient deficiencies in cases where 
adding the nutrient to the growth medium was inefficient. However, 
nutrient absorption through the leaves is limited as the outer epider¬ 
mal cells of the leaf are covered by the waxy cuticle (Mengel and Kirkby, 
1978), and unless the nutrient ion is in solution the uptake through 
the cuticle is very restricted. The rate of uptake is mainly controlled 
by the diffusion from the water film on the leaf surface through the 
cuticle and cell wall material to the plasmalemma. Crowdy and Tanton 
(1970) showed that entry of lead-EDTA in wheat leaves following foliar 
application was adequately described by a diffusion model. In their 
study, the lead that did penetrate the cuticle was found associated 
mainly with the cell walls. None was found within the plasmalemma. 
Once ions have diffused through the cuticle they must undergo active 
transport across the plasmalemma, However, this is not the rate 
limiting step in most cases of foliar ion absorption (Mengel and 
Kirkby, 1978). 
Arvik and Zimdahl (1974a) exposed onion and philodendron leaves 
and apple, tomato, and pepper fruits with cuticles intact and removed 
to aerosol concentrations of PbBrCl. They found that only very small 
amounts of lead cross the cuticular surface, even under exceptional 
conditions of lead solubility, pH, and exposure times, though lead 
may be adsorbed to the cuticular surfaces. Larger amounts of lead 
penetrated cuticles that had their waxes removed. They noted that in 
the case of a particulate form of lead entering the stoma, a sub- 
stomal cuticle barrier was present. Chloroform rinse or mild HNO^ 
acid wash removed virtually all of the lead that the plants were 
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exposed to, suggesting that the lead remained as a topical coating on 
the foliage. Also no significant amount of lead was found in roots, 
fruit, or new shoot growth following exposure to lead aerosols. 
Nakos (1979) found that a dilute detergent solution would remove up to 
50% of the lead found in samples of Aleppo pine needles contaminated 
from a nearby lead smelter. 
There have been some reports of foliar absorption of lead with 
translocation downward towards the roots. Rabinowitz (1972) found 
that 4 to 10 ppm lead had apparently been translocated from lettuce 
leaves downward to the central tap root of lettuce plants grown near a 
highway. In general, however, amounts translocated downward are 
minor compared to the amounts found in the foliage. 
Some studies show rinsing not to be so effective in removing 
foliar lead. Smith (1972) found no significant difference (P=0,95) 
in the amount of lead found between samples subjected to various 
washing procedures and unwashed samples. He attributed this to 
either inefficient methods of washing or absorption of lead into 
tissues, Page et al. (1971) found that external plant characteristics 
may govern the ability of deposited lead to adhere to the foliar sur¬ 
faces preventing complete removal by washing. IVhere the surface of 
plant parts was smooth, mild washing procedures tended to remove high 
percentages of lead. In contrast, more vigorous washing was required 
to remove high percentages of lead from flexible, rough, hairy 
surfaces. 
In summary, it appears that airborne lead contaminates foliage 
mainly by direct deposition on foliar surfaces and in lesser amounts 
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through soil contamination with root uptake and subsequent transport 
to the foliage. There is still uncertainty as to how much of the lead 
deposited on foliage remains as a topical coating and how much lead 
is actually absorbed into the foliage. Washing may only remove some 
of the lead from plant surfaces and the danger of ingestion of lead 
from leafy vegetables is present if they were grown near a source of 
airborne lead contamination. Grazing animals and animals fed contamina¬ 
ted forage may ingest appreciable amounts of lead. 
Lead Uptake by Plant Roots 
The mechanism of lead uptake by plant roots has been the subject 
of numerous studies with whole plants and excised roots. Most whole 
plant studies have revealed that when the main source of lead is the 
soil large amounts of lead may become associated with the roots while 
very little may be found in the upper plant parts, Hevesy (1923) 
found that 95% of the radioactive labeled lead absorbed by horse bean 
(Vicia faba) roots could be displaced by other non-radioactive lead 
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ions from a 10 N PbCNO^)^ solution. He concluded that lead existed 
in the plant root as a dissociable saline compound. It was observed 
that even though the roots could absorb large quantities of lead from 
solution very little lead was translocated to the shoots indicating a 
barrier to translocation located in the roots, 
Jones et al. (1973a) showed that after a 3-day exposure to 1 mg 
Pb/liter in a nutrient solution no more than 29% of the total lead 
absorbed by perennial ryegrass roots was translocated to the shoots. 
Based on this they concluded that actively growing roots of perennial 
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ryegrass provide a barrier which restricts the movement of lead to 
the shoots. 
Lead entering the root in the soil solution may be regulated by 
diffusive and cation exchange processes in the root free spaces as 
are most other cations as described by Epstein (1972), However, 
because these processes are generally non-specific for divalent cations 
it is probable that restriction of movement of lead from root to shoot 
is not regulated in the root free spaces. 
In a study on water pathways in the roots of barley, wheat, land 
cress, french and broad beans, and peas Tanton and Crowdy (1972) used 
lead-EDTA as a marker for the free spaces in roots. They observed 
that the lead-EDTA entered the root mainly in the area immediately 
behind the elongating zone of the root and was distributed through the 
free spaces to the endodermis, They noted that the free spaces ended 
at the endodermis and that the lead-EDTA along with any water would 
be required to pass through the cytoplasm or the lumen of the endoder- 
mal cells in order to reach the vascular tissues, The permeability 
of the endodermal cells to lead-EDTA and water varied among cells of 
the same species and between different species. They concluded that 
the endodermis was the main barrier to free movement of solute to the 
vascular tissues from the free spaces of the root. 
Using a staining technique similar to Tanton and Crowdy (1972) , 
Lane and Martin (1977) exposed radish seedlings to H^S gas to precipi¬ 
tate lead taken up from varying concentrations of Pb(N0^)2 solution. 
They observed that in the roots, lead accumulated at the endodermal 
cell walls after traversing the root free spaces. Beyond the endoder¬ 
mis lead was distributed in the vascular tissues from the root, 
through the stem, and to the developing’, cotyledons, 'I'hey sii^^ested 
that lead followed an ajH)pla;.lic rout (' in the root until reachinj^ the 
endodermis where it was ahsorheil into the cytoplasm, transferred 
throu),»h the p 1 a.smadcsrnat a into the stele where it moved to the vascu¬ 
lar tissues heiny, ahsorheil into the xylem and transported through the 
stem to the upper plant parts. They su^’KOSteil that the endodermis 
was the main harrier to lead movement to the vascular tissues. They 
also noted that the apparent concentration of lead in the .aerial )).arts 
of the plant decreased as distance from the roots increased, 
'I’hcre has been numerous studies undert.aken to elucidate whether 
or not lead uptake requires the expenditure of nietaholic ener^iy by 
the plant, Conf 1 i ct i nj;, evidence has been found in certain cases. 
Metabolic ener)?,y may be required to facilitate movement of lead across 
the p 1 asma 1 emrn.a of the endodermal cells into the cytoplasm before 
transport throuy.h the [)1 asmodesmat .a and into the stel.ar area. Once in 
the stele lead may be actively or passively tr.ansported into the xylem 
vessels, Meny.el and Ki rkby (1078) indicate that the (juestion of 
whether inor^janic ions arc actively secreted or passively le.ak into 
the xylem vessels is not yet clear. 
Arvik and Zimdahl (1074b) exposed the excised roots of corn, be.an 
soybean, and suf/.ar beet to 10 u^ I’b/ml from l’b(N0,^)2 in the presence 
and absence of metabolic inhibitors, at two temper.ature regimes, .and 
at three pH's, 'I’hey found that lead uptake was not si^ni fic.ant ly re¬ 
duced by the metabolic inhibitors (2,4 dinit rophenol and sodium azide) 
Ifieir results showed that lead uptake was not decreased by mori* th.an 
40T at 4”c as opposed to 24^C temperature rey.imes. They .also reported 
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n pH depcndcMicy of uptake l)ut with variable results, 'I’hey suy.y.csted 
that lead uf)takc did not require ex[)end i t uri- of nKrtabolie enery.y be¬ 
cause of their results, I'/rowri ami Slinp.sby fl'.)72) found lead uptake 
by the lichen, Cl adon i a rany, i fornii s was unaffected by killiny the 
cells and suggested that uj)t ake of lead by lichens is n purely pliysi- 
cal process, 
Kannan and Keppel (197()) carried out short-term experiments on 
the absorption of lead in young pea seedlings. It was observed that 
lead uptake was insensitive to temperature fl.s‘\: vs, and the 
presence of a metabolic inhibitor frCCI’J. They concluded that uptake 
of lead was largely non-metabolic, 
In a study of the aspects of lead in plant nutrition, Broycr et 
al. (1972) found that lead-HD'IA sorption by excised barley roots was 
not reduced by low temperature (4^(J vs. 24^C) for the first hour of 
exposure but was temperature dependent in the subsequent two hours of 
exposure. A 40% reduction in lead sor]')tion occurred at 4^C vs. 24°C 
after the first hour of exposure. 'Hicy concluded that the uptake of 
lead was initially a passive physio-chemical process followed by meta¬ 
bolic accumulation within the cytoplasm, 'fhey found that a large 
fraction of the lead associated with the roots was readily extractable 
by various solvents and concluded that this lead was probably resident 
on the root surface or in the free spaces. 'ITiey also noted that a 
large proportion of lead was associated with the roots of plants studied 
while only a small proportion was translocated to the shoots. 
77)C results of these experiments indicate; (i) a possible pathway 
for lead uptake and transport to the vascular tissues for subsc(juent 
31 
transport to the shoot; (ii) the main barrier to uptake and transloca¬ 
tion appears to be at the root endodermis; (iii) despite relatively 
large amounts of lead in the root environment and in roots themselves, 
very little lead is translocated to the plant shoots; and (iv) there 
is controversy over whether or not lead uptake is an entirely non- 
metabolic process though a majority of the evidence supports a non- 
metabolic pathway. 
Factors Affecting Lead Uptake and Translocation 
Soil factors such as pH, cation exchange capacity, organic 
matter content, and texture affect the amounts of lead present in the 
soil solution. The mutual effects of plant nutrients and other ions 
on lead uptake and translocation have been studied in both soil and 
other growth media. 
Studies of mutual ion effects on lead uptake and translocation 
using soil as the growth medium do not distinguish the mutual ion 
effects on the amount of plant available lead in the soil solution 
from direct effects on actual uptake by the plant root. The complexity 
of soil systems prevents this. Close experimental control of these 
experiments using soil as the growth medium is ver>' difficult 
(Epstein, 1972). 
Experiments employing solution culture are more easily controlled. 
Factors such as pH, and concentrations of nutrients and other ions may 
be controlled. The mutual effects of ions on lead absorption by the 
plant roots may be investigated separately from mutual ion effects on 
plant available lead in the soil. 
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Mutual ion effects in hydroponic or simple salt solutions. Mutual 
ion effects on lead uptake inay occur on cation exchange processes in 
the root free spaces, on absorption through the endodernis, or on 
translocation to the shoots. Also, nutrient or other ions may have 
an effect on lead toxicity of plant processes. 
The mutual effect of cations in cation exchange in the root free 
spaces are mainly non-specific (Epstein, 1972). However, divalent 
and trivalent cations may displace a certain amount of lead in the 
root free spaces thus reducing the amount of lead in the root. Very 
little information is available concerning the mutual ion effects on 
lead absorption through the endodermis or on translocation to the shoots. 
Mutual effects of ions on active transport across cell membranes 
may cause reduced or increased uptake on a specific ion. The role of 
calcium in maintaining membrane impermeability and selectivity has 
been shown to be essential (Epstein, 1972). Little is known of the 
mechanism of mutual ion effects on active transport except that com¬ 
petition for carriers and carrier conformational changes m.ay be 
implicated. 
In his experiments on lead absorption in horse bean roots, Hevesy 
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(1923) exposed roots to 10 N Pb(N0^)2 solution and then exposed the 
roots to similar concentrations of the nitrate salts of Cu, Cd, Zn, 
Cr, Ba, and Na. He found that the exposure to the other metals caused 
displacement of lead from the root with Cu displacing 97% of the lead 
and Cd, Zn, Cr, Ba, and Na displacing 66%, 62%, 57%, 26%, and 24% of the 
lead, respectively. 
Wilkins (1957) found that root growth of Festuca ovina was in- 
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hibited when roots were placed in a 3 ug/ml PbCNO^)^ solution but 
that the presence of CaCNO^)^ prevented the growth reduction. Placing 
roots in solutions of NaNO^, CaCNO^)^, or CaCl^ with increasing lead 
concentrations showed that growth reduction was prevented by the 
CaCNO^)^ and CaCl^ solutions indicating a specific effect of Ca^^ 
ions on counteracting lead induced growth reduction. However, no 
reason was given for the effect of Ca^^ ions on lead. Calcium has 
been shown to ameliorate toxicity and decrease uptake of other trace 
metals in soybeans grown in nutrient solutions (Wallace et al., 1980). 
Possibly, the presence of Ca^^ ions may have prevented lead toxicity 
because they prevented lead from crossing cellular membranes into the 
cytoplasm of the cells. The importance of Ca^^ ions in maintaining 
membrane integrity and selectivity is discussed by Epstein (1972). 
Jones et al. (1973) exposed roots of perennial ryegrass plants 
that had their shoots removed or roots immersed in boiling water to a 
1 ug/ml Pb(N02)2 solution then transferred the roots to either a 
O.OIM CaCl^ or O.OIM BaCl^ solution. They then measured the amount of 
lead exchanged by Ca^^ or Ba^^, They found that very little of the 
lead was exchanged for or displaced by Ca^^ or Ba^^ ions as measured by 
the amount of lead found in the CaCl^ or BaCl^ solutions after immersion 
of the lead treated roots. 
In their short term experiments on lead absorption by pea seed¬ 
lings, Kannan and Keppel (1976) found that a considerable amount (40%) 
of the lead absorbed could be exchanged with Ca^^ ions from 0.1 imM 
CaCl^ present in a 0.1 nM PbCl^ solution. They attributed the ex¬ 
changed Pb^^ ions to be lead held in the free spaces of the root. 
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IVhen seedlings were first exposed to 0.1 mM PbCl^ and subsequently- 
transferred to varying concentrations of CaCl^ there was an increasing 
^2 I ^ 
loss of Pb with increasing Ca concentration. Amounts of lead 
transported to the shoot were very low compared to the root lead 
levels and remained constant with increasing lead concentration in the 
substrate. It was observed that lead presumably present in the cellu¬ 
lar compartments could be removed by increasing concentrations of 
CaCl^. hTien the effects of Ca^^, Mg^^, and on lead uptake were in¬ 
vestigated it was found that lead uptake was reduced by the presence 
of each of these cations in the substrate. Results also showed that 
^2 2 
lead had the effect of reducing the root absorption of Mn and Zn 
and reduced the transport of Fe^^, Mn^^, and Zn^^ to the shoot, They 
stated, however, that the mechanism of Pb^^ interaction with these 
micronutrients in absorption is not clear. 
In a related study, Lee et al. (1976) found that leaf calcium 
and phosphorus levels decreased as lead concentration increased in 
soybeans grown in solution culture with added PbCNO^)^. 
Broyer et al. (1972) exposed abscised barley roots to a 50 uM 
Pb(N0^)2 solution with 5 uM CaSO^ and found no significant effect of 
calcium on lead absorption over time. In whole plant studies with 
tomato, bean, and barley grown in nutrient solutions there was no 
apparent effect of different lead concentrations (supplied as lead-EDTA) 
+ +2 2 _n 
on the sorption of the inacronutrients K , Ca , or Mg . There was no 
effect of lead on the sorption of the micronutrients Zn^^, Cu Mn 
Fe^^; or on phosphorus absorption. 
Miller and Koeppe (1970) grew corn plants in sand culture watered 
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with nutrient solution with lead applied to the sand as Pb(NO-) . 
Corn grown under a phosphate deficient regime accumulated 5 to 10 times 
more lead in leaves than corn grown in a phosphate sufficient regime, 
They attributed this effect more to selective uptake under conditions 
of phosphate sufficiency than to precipitation of lead phosphates in 
the growth media. Zimdahl and Koeppe (1977) stated that lead may be 
rendered in an inactive form as a lead phosphate complex in the plant 
root in plants grown with adequate phosphate levels. 
It seems clear that controversy still exists on mutual ion effects 
on lead sorption in the root and whether or not results may be extra¬ 
polated to soil systems is not yet clear. Foy et al. (1978) states 
that single salt uptake studies seem irrelevant because of the presence 
of many salts in the soil solution and the possibility of chelation 
of soluble metals. Further research is warranted to indicate what 
ions affect lead absorption by plant roots in nutrient solution systems 
and to clarify the mechanism of the mutual ion effects. 
Mutual ion effects in soils. The mutual effects of nutritive and other 
ions in soils on lead uptake and translocation may occur in two ways. 
First, as was discussed, there is evidence that these ions may directly 
affect lead absorption in the root. Secondly, the ions may influence 
the amount of plant available lead in the soil, 
Lagerwerff (1972) quotes a study by Alloway (1968) in which soils 
heavily limed and containing as much as 12,000 ppm of lead produced 
apparently healthy radish plants containing 500 ppm Pb in the roots 
and 136 ppm Pb in the tops, It was suggested that lime had a counter- 
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acting effect in the soil on movement and uptake of lead and that 
there was a possible antidotal effect of calcium in the plants. Cox 
and Rains (1972) reported a reduction in lead content of the shoots 
of plants grown in contam.inated soils amended with various rates of 
lime. Tliey attributed the effect of lower lead uptake in the limed 
soils to lowered availability of soil lead due to increased pH of the 
soil. Hassett and Miller (1977) attributed reduced plant availability 
of lead in roadside soils where crushed limestone was used as a road 
building material to the increased pH of the soil. 
John and Van Laerhoven (1972a), however, reported little differ¬ 
ence in lead uptake by oats and lettuce when lead was applied to the 
soil as the water-insoluble lead carbonate, as opposed to application 
of more water-soluble lead chloride or nitrate, They concluded that 
formation of lead carbonate as a result of liming can not be considered 
a sole factor affecting lead availability. They postulated that liming 
may restrict the translocation of lead from roots to shoots. They 
also observed a decrease in sulfur and phosphorus in plants due to 
PbCl^ application to soil. Zimdahl and Foster (1976) studied lead up¬ 
take from soils amended with lime and containing 500 or 1,000 ppm 
lead from Pb(N0^)2 solution application. Their results led them to 
conclude that the primary effect of liming acidic soils may be on 
translocation of lead rather than on its uptake by crop plants. 
Controversy exists over the exact effects that liming has on 
lead uptake and translocation. Solution culture studies on the effects 
of Ca^^ ions on lead uptake may allow separation of the effects of 
+ 2 
lime on plant availability of lead in soil from effects of Ca ions 
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on uptake and translocation within the plant. 
Working with a series of lead amended Illinois soils with a 
range of phosphorus levels, Miller et al. (1975b) found that foliar 
content of lead in corn from soil uptake decreased with increasing 
phosphorus levels. MacLean et al, (1969) also found that increased 
levels of soil phosphorus reduced lead uptake by oats and alfalfa. 
Rolfe (1973) subjected different varieties of 2-year-old tree seed¬ 
lings grown in soils and in vermiculite with added nutrient solutions 
to various levels of lead and phosphorus. Lead was added as PbCl^ 
solutions and phosphorus levels were varied by either addition of 
monocalcium phosphate (0 or 336 kg P/ha) to the soil or by inclusion 
of potassium phosphate (0 or 31 ppm) in the nutrient solutions. He 
found that addition of phosphorus in either soil or nutrient solution 
resulted in lead contents of trees approximately half as high as when 
phosphorus was withheld from the growth media. It was suggested that 
the main effect of phosphorus addition was to tie up lead in an in¬ 
soluble form in the soil or nutrient solution. 
Miller and Koeppe (1970) reported that corn grown in nutrient 
solutions under phosphate deficient conditions accumulated 5 to 10 
times more lead than corn grown in phosphate sufficient conditions. 
However, they attributed the phosphate effect on lead uptake to in¬ 
creasing the selectivity of uptake by the plants and suggested that 
precipitation of insoluble lead phosphates played only a minor role, 
Studying the lead uptake by corn plants grown in a sandy clay 
loam soil with various levels of phosphorus (monobasic calcium phosph¬ 
ate), organic matter, and lime, Zimdahl and Foster (1976) found that 
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high levels of phosphate fertilization were required to cause a 
reduction of the lead content of the corn shoots. They concluded 
that the addition of phosphorus was not an agronomically feasible way 
to reduce the effects of lead contamination. 
The effect of phosphorus on lead uptake from soil and in solution 
culture experiments show that elevated levels of phosphorus reduce the 
lead content of plants. However, whether the effect of phosphorus is 
due to decreasing the amount of plant available lead in the growth 
media and/or decreasing plant absorption or translocation is still- 
subject to question. 
Growing ryegrass and fescue in soils with added lead or cadmium, 
Carlson and Rolfe (1979) found that addition of fertilizer (NPK 12:6:6) 
reduced Pb content and uptake in ryegrass but not fescue. Fertilization 
also increased cadmium content of both species and stimulated growth 
of plants treated with lower lead levels ( 1000 ug/g Rb). 
John and Van Laerhoven (1972a) investigated the effects of nitro¬ 
gen, lime, and sources of lead on lead uptake by lettuce and oats. 
They found that in lettuce leaves, nitrogen application (from NH^NO^) 
in the absence of added lead caused a decrease in lead content. How¬ 
ever, when lead was added variable results were obtained for the lead 
content of plant parts depending on the source of lead and rate of 
nitrogen applied. 
Jones et al. (1973b) grew perennial ryegrass on sixteen different 
soils without added lead, with and without sulfur additions (as K^SO^). 
They found a significant growth response to added sulfur. They also 
found that the concentration of lead in the shoots of plants grown with 
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added sulfur to the soil was lower than in the roots, e.g. at harvest 
4 the means were 5 and 13 ppm, respectively. However, with plants 
grown without added sulfur, the concentration of lead in the tops was 
often higher than in the roots, the means at harvest 4 being 16 and 13 
ppm, respectively. They concluded that under the circumstances of 
restricted growth, as with sulfur deficiency in their study or with 
low temperature (Mitchell and Reith, 1966) the concentration of lead in 
the tops of plants may increase significantly. 
Karamanos et al. (1976) found that with alfalfa and bromegrass 
grown on PbCl^ solution amended soils no significant differences in 
lead concentration in the shoot dry matter were found between sulfur 
and non-sulfur treated soils. When they grew alfalfa and bromegrass in 
low temperatures and reduced photoperiod to simulated autumn condi¬ 
tions they observed a significant increase of lead concentration but 
attributed it to the relative decrease in the dry matter yield of the 
plants rather than to an increase in translocation of lead from roots 
to shoots. 
Elevated levels of trace elements have been reported in soils and 
vegetation with high lead contents. Lagerwerff and Specht (1970) 
reported concurrent elevated levels of Pb, Cd, Zn, and Ni in soil 
bordering heavily traveled roads. High levels of trace elements are 
found in sewage sludges (Berrow and Webber, 1972; and Lagerwerff et 
al,, 1976), and municipal wastes (Giordano et al., 1975) which may be 
amended to agricultural soils. Airborne and other by-products of lead 
mining and smelting ooerations may contain not only high levels of lead 
but also high levels of Cu, Cd, Zn, and Ag (Jennett et al., 1977) and 
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these metals contaminate soils and vegetation along with lead 
(Colbourn and Thornton, 1978; and Warren et al., 1970). Tliese other 
trace elements may affect plant uptake and translocation of lead from 
soils contaminated with these metals. However, few studies of these 
interactions have been undertaken, 
Hassett et al. (1976) grew corn seedlings in a loamy sand with 
various lead levels amended as PbCl^ solution and various cadmium 
levels added as CdCl^ solution either singly or together. They found 
that alone, 25 ug Cd/g soil or 250 ug Pb/g soil depressed radicle elonga¬ 
tion, However, when lead and cadmium were added in combination inhibi¬ 
tion of radicle elongation occurred at significantly lower concentra¬ 
tions. Also the effect of the metals added in combination was greater 
than the sum of the effects when the metals were added separately. It 
was observed that the presence of 5 or 10 ug Cd/g soil with 250 ug 
Pb/g soil doubled the lead concentration in the corn plants over that 
when 250 ug Pb/g soil was added to the soil alone. This, the authors 
concluded, was at least partially responsible for the reduction in 
radicle elongation. Miller et al. (1977)performed similar experiments 
with corn grown in the same soil type and found that soil cadmium 
reduced the total lead uptake and in some cases the lead concentration 
in the corn shoots, Lead had the opposite effect on cadmium uptake 
in that soil lead increased the shoot concentration of cadmium. They 
state that the elucidation of the mechanism of lead and cadmium inter¬ 
action is difficult because of events in the soil, soil-root interface, 
and within the plant are all relevant considerations. Carlson and 
Rolfe (1979) found that lead concentrations in ryegrass and fescue 
41 
were not affected by the presence of cadmium but that cadmium con¬ 
centrations in both species increased by the presence of lead in the 
soil. The contradictory results in these experiments indicate that 
further investigation is needed to explain the interaction between 
lead and cadmium in the soil and plants. 
Effects of soil characteristics. It has been shown that due to various 
means of contamination the lead content of soils may exceed 1000 ppm 
in some instances. However, there is conflicting evidence regarding the 
amounts of lead taken up by plants from the soil, Numerous studies 
(BaumJiardt and Welch, 1972; Dedolph et al,, 1970; Keaton, 1937; 
Lagerwerff, 1971; MacLean et al,, 1969; Marten and Hammond, 1966; and 
Mitchell and Reith, 1966) have indicated that there was limited trans¬ 
location of lead from roots to the upper plant parts even when the 
plants were grown in soils containing large amounts of lead. However, 
studies by Jones and Hatch (1945), Warren and Delavault (1962), and 
Chisholm (1972) have observed significant increases in lead content of 
plant shoots on soils contaminated with lead. 
Soil characteristics such as pH, CEC, organic matter content, 
and redox potential have been implicated in the control the amount of 
lead in the soil that is available for plant uptake. It has been 
generally agreed upon that the amounts of plant available lead or 
soluble lead in soils decreases as the pH of the soil increases towards 
neutrality. Studies by Hassett and Miller (1977), John (1972), 
Lagerwerff (1971), MacLean et al. (1969), and Miller et al. (1975a, 
1975b) have shown that as the pH of their experimental soils was in- 
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creased, mainly by liming, the lead content of the plants grown on 
those soils decreased. Decreased solubility of lead compounds and 
increased competition of cations such as Fe , Mn^ , and in acid 
soils for exchange and other lead sorption sites in the soil have been 
implicated at higher soil pH. 
Miller et al. (1975a) found that with a series of Illinois soils 
the lead accumulation by soybean shoots significantly decreased as the 
total CEC and/or pH increased. Miller et al, (1975b) also observed a 
similar relationship with com, Hassett and Miller (1977) correlated 
corn shoot lead concentration with soil pH, CEC, and lead concentration 
of the soil and obtained a significant regression equation, The shoot 
lead concentration was inversely related to soil pH and CEC, Hassett 
(1974) found that soil properties associated with higher CEC (higher 
organic matter content, higher surface area, and higher clay content) 
had even a greater effect on lead sorption and thus availability for 
plant uptake than pH. 
Besides the effect of organic matter on lowering plant available 
lead by increasing the soil CEC, Maclean et al. (1969) stated that 
control of lead availability may also be by formation of complexes 
with humic compounds. Karamanos et al. (1976) also gives evidence that 
soils high in organic matter reduce the amount of plant available lead 
in accordance with evidence that divalent metal ions form complexes 
with soil humic substances. However, John (1972) found that no relation¬ 
ship between lead uptake by lettuce and oats and soil organic matter or 
soil texture. In a study of manure application to soils amended with 
Pb(N0^)2, Zimdahl and Foster (1976) found that increasing organic matter 
levels to 6°o In their experimental soils significantly reduced lead 
uptake by corn. No significant additional reduction in lead uptake 
was observed from higher application of manure, however. They pre¬ 
dicted that plants grown in soils low in organic matter (less than 1%) 
would show lead toxicity effects at lower lead levels than when plants 
are grown in high organic matter soils. Liebhardt and Koske (1974) 
amended soils with a compost material consisting of bacterial digested 
domestic refuse referred to as a humus. This material had an average 
lead content of 300 ppm. Corn, soybeans, ryegrass, and snap beans 
were grown on soils amended with up to 50% of the humus product with 
no increase in lead content of upper plant parts. 
Reddy and Patrick (1977) studied the effect of redox potential 
and pH on solubility of lead and cadmium in a soil suspension and up¬ 
take by rice plants. They found a decrease in water soluble lead as 
redox potential and pH increased in their soil system. Root and total 
lead uptake by rice plants decreased with increases of redox potential 
and pH. No significant increase or decrease in lead uptake to the rice 
shoots was observed as redox potential increased. However, the distri¬ 
bution of lead in the rice plants changed as redox potential increased 
at a given pH. More lead was present in the shoots relative to the 
roots as redox potential increased. They attributed higher accumula¬ 
tion of lead in roots at low redox potential and high pH levels to 
precipitation of lead on the root surfaces. 
Foy et al. (1978) quote studies that indicated that chelators 
added to soils may increase soluble metals manyfold and promote metal 
convection and diffusion and hence potential for plant uptake and 
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toxicity. Lindsay (1974) states that chelator-metal diffusion gradients 
are formed near the plant root which facilitates increased uptake of 
metals in soils where chelates have been added. In a study of the lead 
uptake by bromegrass on lead contaminated soils Marten and Hammond (1966) 
found that addition of EDTA or Versenol 120 to the soils increased the 
lead uptake to the shoots. 
Plant roots have been found to exude various organic substances 
that increase soluble lead concentrations by chelation. In a study on 
the interaction of lead with corn root exudates, Gadde and Laitinen 
(1973) found that root exudates solubilized lead into solution from 
sparingly soluble lead salts or lead held by montmorilIonite by ion 
exchange. They also found other cations such as Zn^^ competed well 
^ ^ ry 
with lead for complexation with com root exudate while K , Ca , and 
Mg^^ did not. 
The influence of lead source on plant uptake of lead has been 
investigated, Keaton (1937) compared lead nitrate and lead sulfate 
in the uptake of lead by barley. He found that barley grown in the 
lead nitrate treated soil absorbed greater quantities of lead than 
barley grown in the lead sulfate treated soils. John and Van Laer- 
hoven (1972a) studied lead uptake by lettuce and oats on soil treated 
with PbCO^, PbCl2, and Pb(N0^)2. They found no difference between 
the sources of lead with regard to lead content of oat roots. How¬ 
ever, lead content of lettuce and oat tops was significantly less 
when the source was PbCO^. Zimdahl et al. (1978) studied the effect 
of soil amendment of Pb(N0^)2 or PbSO^ on lead uptake by corn, spring 
wheat, sugarbeets, and beans. Their data showed that generally, less 
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lead was taken up when soil was treated with PbSO^ than PbCNO^)^. 
Differences in shoot uptake of lead between sulfate and nitrate lead 
sources was less evident. From these investigations it is apparent 
that the source of lead in studies on plant uptake of lead from soils 
influences the amount and possibly the distribution of lead in the 
plants. The reason for the differences was not clearly explained, 
however. Probably differences in solubilities and anionic effects of 
the lead compounds influence availability of lead for uptake and 
translocation. 
Other factors affecting uptake and translocation. There is little 
doubt that lead uptake and accumulation varies among plant species 
when consideration is given to the considerable morphological and 
physiological differences that exist between plant species that affect 
uptake and accumulation of nutrient and other ions. Warren and 
Delavault (1962) showed that different species of vegetable and grain 
crops varied in their lead content within a range of 0.1 to 1.0 ppm 
and that trees averaged about 2.5 ppm (dry wt. basis). Jones and 
Hatch (1945) found that certain plants accumulated more lead than 
others when grown on orchard soils previously contaminated from lead 
arsenate sprays. Others (John and Van Laerhoven, 1972b; MacLean et 
al., 1969; Page et al,, 1971; and Warren et al., 1970) have observed 
the differences in lead uptake and accumulation by different plant 
species. 
John (1977) investigated the varietal response to lead by lettuce. 
He subjected nine lettuce varieties (six head lettuce, two leaf lettuce, 
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and one romaine lettuce variety), hydroponically grown, to various 
lead concentrations from PbCl^ in the nutrient solutions. Growth was 
found to be dependent on substrate lead concentration as well as varie¬ 
tal characteristics. Mean foliar and root lead concentrations differed 
significantly among varieties. As the substrate lead concentration 
increased from 10 to 50 ppm, lead concentrations in the tops of the 
romaine lettuce variety did not increase significantly but two leaf 
lettuce varieties accumulated significantly greater lead concentrations 
in tops. The romaine lettuce contained a significantly lower foliar 
lead concentration than either the head or leaf lettuce varieties 
after 4 or 6 weeks of growth. Gross morphological differences between 
the head, leaf, and romaine varieties were hypothesized to be the 
cause. However, significant differences between varieties of similar 
gross morphology occurred and this was attributed to possible genetic 
control of lead assimilation and transport to the tops. Other than 
this study, very little is known about varietal differences in lead 
uptake and accumulation. 
Jowett (1959, 1964) found lead tolerant populations of Agrostis 
tenuis growing on soils contaminated with lead mining spoils. He 
found that in addition to Pb tolerance the tolerant plants could grow 
in calcium or phosphorus deficient media (Pb mining spoils are character¬ 
istically of low fertility) where lead intolerant Agrostis tenuis 
populations could not. It was not clear whether adaptation to the mine 
soils was only a function of Pb tolerance or a function of tolerance 
to low soil fertility or a combination of both. 
There have been some reports of seasonal effects on lead uptake 
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and transportation in plants. Mitchell and Reith (1966) reported 
that the lead content of senescent pasture herbage increased up to 
100 times during a period from autumn into winter. Normal lead con¬ 
tent of pasture herbage during active growth was found to be 0.3 to 
1.5 ppm (dry wt. basis). During autumn the lead content was observed 
to rise to approximately 10 ppm by late autumn and reach 30 to 40 
ppm in late winter. Airborne or soil contamination on the surface of 
the plants was not thought to be the cause. Increased uptake from 
soil was deemed improbable due to plant dormancy during the autumn 
and winter. Decrease in dry weight after senescence was ruled out 
because a 95% loss of all constituents of the dry matter except lead 
would be required to explain the effect. The authors hypothesized 
that an explanation might be increased translocation of lead from 
lead accumulated in the roots to the shoots during the autumn. 
Rains (1971) found a similar increase in lead content of wild 
oat shoots grown on soils highly contaminated from a lead smelter. 
During active growth the concentration in the oat shoots increased 
only slightly. During the late summer lead concentrations increased 
and in the autumn and winter lead concentrations were highest. High 
lead concentrations were not attributed to decreased dry matter with- 
out loss of lead. However, increased mobilization of lead from roots 
to shoots was discounted due to the continued growth of the plants 
into the autumn months. It was concluded that increased atmospheric 
deposition of lead on the exposed plant parts during the autumn and 
winter months was the most probably cause of the increase in lead 
content of oat shoots. It has been reported (Lead: Airborne Lead in 
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Perspective, NAS, 1972) that amounts of atmospheric lead increase 
during winter months lending support to this conclusion. 
Karamanos et al. (1976) sought to explain the phenomenon of in¬ 
creased autumn lead content of plant shoots with a growth chamber 
study simulating autumn conditions of lower temperatures and shorter 
photoperiods. Only slight increases of alfalfa and bromegrass lead 
concentration were observed under the simulated autumn conditions. 
On this basis and because atmospheric lead input was negligible in 
their study they concluded that a large mobilization of lead from 
roots to shoots during autumn and winter probably did not occur. It 
is apparent that more definitive experiments may be needed to explain 
the seasonal fluctuations in lead content of plants. 
Distribution of Lead in Plants 
It was stated previously that the majority of studies observed 
that translocation to upper plant parts from roots was very restricted, 
Highest lead concentrations have been found associated in the roots 
with lead concentrations decreasing in the order of stems, foliage, 
fruits, and seeds, respectively (Baurahardt and Welch, 1972; Ter Haar, 
1970; and Zimdahl and Koeppe, 1977). However, some studies have 
found significant quantities of lead in the upper plant parts not 
attributable to airborne lead contamination. 
Growing various vegetable crops on orchard soils contaminated 
with lead from lead arsenate sprays, Jones and Hatch (1945) found 
higher lead concentrations in peeled eggplant fruit, alfalfa hay, and 
beet tops than in roots of these plants. Onion tops were found to 
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accumulate higher lead concentrations than the bulb portion. For 
the majority of other crops grown on the contaminated soils the in¬ 
crease in lead content ranged from 1 to 3 times in the aboveground 
parts and 2 to 8 times in the roots. Chisholm (1972) studied the up¬ 
take of lead by crops from application of lead arsenate to 2 sandy 
loam soils. It was observed that onion tops accumulated much more 
lead than the bulbs and that beet tops accumulated more lead than the 
edible roots. Com kernals accumulated 4 times as much lead when 
grown on the contaminated soil as opposed to the control soil. 
Motto et al, (1970) grew various vegetable crops in a greenhouse 
pot experiment on lead contaminated soils and on acid washed sand 
with lead applied as Pb(N02)2 in a nutrient solution. They found that 
although the increased lead supply in the growth medium increased the 
lead content of the roots and tops, the edible portions of carrots, 
corn, potatoes, and tomatoes contained the lowest amount of lead. 
Lettuce, however, was found to accumulate larger amounts of lead in 
the edible foliage. 
In a growth chamber study designed to eliminate airborne lead 
contamination, seasonal and climatic, and soil pH and organic matter 
influences upon lead uptake, John and Van Laerhoven (1972b) studied the 
lead distribution of seven food crops grown on a soil treated with 
various levels of PbCl^Cs). Lead concentrations in some plant parts 
were influenced more dramatically by soil lead treatments than levels 
in other plant parts. Lettuce and spinach leaves and the edible 
portions of radish and carrot plants accumulated markedly higher lead 
concentrations than did the edible portions of broccoli, cauliflower, 
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or oats. Spittler and Feder (1979) observed that of the five vegetable 
crops grown on soils contaminated by lead paint leafy green plants 
such as lettuce concentrated lead most efficiently in the foliage. 
Higher concentrations of lead were found in tops of radishes and 
carrots as compared to the roots. They concluded that plant lead up¬ 
take varied in the sequence; fruit crops ■<root crops leafy greens. 
It is evident that although limited accumulation of lead in the 
upper plant parts as opposed to the roots has been found to be the 
trend of a majority of plants, certain plants may accumulate higher 
lead levels in their tops. Zimdahl and Koeppe (1977) state that de¬ 
position, translocation, and uptake studies have made it clear that 
under certain conditions lead is mobile within the plant. More re¬ 
search is needed to clarify which plants may accumulate significant 
quantities of lead in their tops and especially the edible portions and 
the factors that may influence this. 
In a study of lead uptake by Vicia faba (horse bean), Hevesy 
(1923) proposed that lead was bound in the roots following exposure 
to lead nitrate solutions and that this prevents toxicity to other 
plant parts. Hammett (1928a) observed that actively growing roots of 
onion, bean and corn exposed to Pb(NO^)2 solutions accumulated dark 
deposits of what was suggested to be some lead compound in the root 
tips where mitotic activity was highest. In further studies, Hammett 
(1928b) observed that lead was drawn to the nuclei of the dividing 
root cells and that a reaction between lead and an organic sulfhydryl 
seemed to occur. 
Tanton and Crowdy (1972) observed that the main areas of lead 
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deposits in the roots of various plants exposed to lead-EDTA ex¬ 
tended from 3 to 4 mm from, the root tip to a region 40 to 50 mm from 
the root tip where the endodermis was suberized and lignified. Lead 
deposits were mostly concentrated at the endodermis of the root. 
Broyer et al. (1972) found that a large fraction of the lead associated 
with barley roots after exposure to lead-EDTA was readily extractable 
by various solvents, and was probably resident on the root surface or 
free spaces within; the remainder being sorbed into the root cells. 
Lane and Martin (1977) found that in the roots of 14-day old radish 
seedlings lead was concentrated in the root tips and that deposits 
were less frequent higher up the root. In the stem lead was associated 
mainly with the xylem of the vascular tissues and in the leaves there 
were few deposits and these were associated mainly with vascular 
tissues, 
Advancement of techniques of investigation have enabled research¬ 
ers to observe a sequence of events of lead deposition in plant cells. 
Malone et al. (1974) studied the localization of lead by corn plants 
exposed to lead in a hydroponic solution. By light and electron 
microscopic studies they found that the corn roots accumulated a 
surface lead precipitate and slowly accumulated lead crystals in the 
cell walls. The lead taken up by roots was concentrated in some 
dictyosome vesicles, No deposits were found in mitochondria, plastids, 
or nuclei. The dictyosome vesicles containing cell wall material 
fused with one another to encase the lead deposit which was then 
surrounded by a membrane, migrated toward the outside of the cell 
where it fused with the plasmalemma. The deposit then fused to the 
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cell wall thus isolating it outside the plasmalemnia, This process 
occurred regardless of whether the lead was supplied as lead salts 
or chelated with citrate or EDTA. Similar deposits were observed in 
stems and leaves suggesting lead was deposited in a similar manner, 
In a review of heavy metal tolerance in plants. Turner (1969) 
stated that the cell wall may play a significant role in acting as 
a heavy metal accumulator. This was implicated in the heavy metal 
tolerance mechanism of numerous plants. By accumulation of heavy 
metals in the cell wall tolerance is effected by the isolation of the 
metals from the cell protoplast where metals may interfere with cellu¬ 
lar metabolism. 
In a study of the cellular localization of lead and potassium in 
the lichen, Cladonia rangiformis, Brown and Slingsby (1972) suggested 
that lead is ionically bound within the cell wall. The lead in the 
cell wall was suggested to be bound to insoluble anionic sites in ex¬ 
changeable form and was found to be replaceable by nickel, 
There is still a great degree of uncertainty in the identity 
of lead compounds within plants. Malone et al. (1974) postulated two 
forms of lead in plants: an insoluble form, possibly a lead-phosphate 
complex, and a soluble form which makes up only a minor fraction of 
total lead content. Zimdahl and Koeppe (1977) quote studies which 
suggest a lead pyrophosphate form, and a lead orthophosphate form. 
Effects of Lead in Plants 
The majority of studies of the effects of lead on plant growth 
have observed a general lead induced growth reduction (Hassett et al 
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1976; Huang et al,, 1974; John, 1977; Malone ct al., 1978: Miller 
et al., 1977; Miller and Koeppe, 1970; Vandecaveye et al., 1956; and 
Wilkins, 1957) and although there have been several reports of growth 
stimulations lead is not considered to be essential for plant growth 
and nutrition. Some studies (Baumhardt and Welch, 1972; and Karamanos 
and Welch, 1972) report no plant growth response to soil applications 
of lead. 
Keaton (1957) found growth of barley was stimulated when the 
amount of soluble lead in their soils was between 0.1 and 0.4 ppm 
of PbO from PbCO^ and PbCNO^)^ applications. Other studies cited by 
Tornabene et al. (1977) reported growth stimulations by small quanti¬ 
ties of lead. However, the authors stated, the studies were conducted 
before optimal conditions for plant growth were well defined, and the 
stimulation may have been due to a lead-associated effect, the nitrate 
stimulation of growth from Pb(N0^)2 for example. 
Broyer et al, (1972) considered the essentiality of lead for 
plant growth in their study of lead in plant nutrition. They found no 
apparent effect of increasing lead concentration on plant yield, They 
suggested that if lead is an essential element the critical concentra¬ 
tion would be extremely small (ppb). John (1977) reported growth 
stimulation of certain lettuce varieties by the presence of low lead 
concentrations in a nutrient solution. He attributed this partially 
to the combined effects of genetic differences among varieties, dura¬ 
tion of exposure to lead, and the substrate lead concentration. 
Lead has been found to adversely affect many plant processes. 
Negative effects on root growth, photosynthesis, transpiration, gas 
54 
exchange, nodulation, mitosis, respiration, and induced nutritional 
deficiencies have been reported in plants and isolated cellular organ¬ 
elles such as mitochondria, chloroplasts, and membranes. Studies of 
toxic symptoms have usually been conducted with plants grown in nutrient 
solutions and very few studies have found toxicity expressed in plants 
grown in soil (Tomabene et al., 1977). 
Wilkins (1957) found that root growth in Festuca Ovina (fescue) 
was inhibited when plants were placed in a solution of Pb(N0^)2. Other 
studies have found depression of com radicle elongation in soil 
(Hassett et al., 1976), corn shoot growth in soil (Miller et al., 
1977), and root growth of corn and soybeans in solution culture 
(Malone et al., 1978) due to increased levels of lead. 
Hammett (1928b) has observed disruption of mitosis in onion, 
bean, and corn root tip cells exposed to Pb(N02)2 solutions. 
Bazzaz et al. (1974b) investigated the effects of applied lead 
concentrations on the photosynthesis of corn and soybean. Photo¬ 
synthetic rate, measured as CO^ uptake was depressed by 20% in corn 
leaves at lead concentrations of greater than 500 ppm and depressed 
by 52% at 4000 ppm lead in the growth medium. In soybeans, however, 
photosynthesis was enhanced at lead concentrations up to 500 ppm 
and was severely depressed only at 4000 ppm lead. They found that 
com took up significantly greater amounts of lead than soybeans from 
the growth medium and attributed the differing sensitivity of com and 
soybean photosynthesis to this. It was also observed that transpira¬ 
tion rates were depressed due to lead and it was suggested that the 
changes in the two processes were related to changes in leaf stomatal 
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resistance to CO^ and water vapor diffusion, 
Lead (500 uM) was found to inhibit growth and pod fresh weight 
in soybeans and this was correlated to lead’s adverse effect on 
photosynthetic rate, nodulation, and nitrogen fixation (Huang et al., 
1974). Bazzaz et al. (1974a) found that relatively low concentrations 
(2 and 200 ppm) of lead as well as other hea\y metals inhibited photo¬ 
synthesis and transpiration of detached sunflower (Helianthus annuus 
L.) leaves. Interference with stomatal function was found to be the 
primary mode of action and photosynthesis was reduced to 50% of maxi¬ 
mum when leaf tissue concentrations of lead were 193 ppm. 
In further investigations with whole com and sunflower plants 
grown in solution culture, Carlson et al. (1975) found that lead 
levels up to 500 ppm in solution neither caused a decrease in trans¬ 
piration, net photosynthesis, or a significant increase in lead con¬ 
centration in leaves. Precipitation of insoluble lead phosphate in 
the nutrient solution was suggested to be the cause of low lead 
levels in the corn and sunflower leaves and consequently the adverse 
effects on photosynthesis or transpiration did not occur, 
In addition to possible effects of lead on stomatal function re¬ 
sulting in depressed photosynthesis and transpiration rates the effects 
of lead on isolated chloroplasts has been investigated by Miles et al. 
(1972). Exposure of isolated spinach chloroplasts to various con¬ 
centrations of lead salts inhibited photosystem II. The site of inhibi¬ 
tion was demonstrated to be between the primary electron donor of 
photosystem II and the site of water oxidation. Photosystem I was 
not found to be affected by lead. 
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Miller and Koeppe (1970) exposed isolated com mitochondria to 
various lead concentrations from PbCl^ and observed that inhibition of 
succinate oxidation occurred and NADU oxidation was stimulated. The 
deleterious effects of lead on these respirator)' reactions was en¬ 
hanced by a reduction in the amount of phosphate present. The oxida¬ 
tion of malate was not affected and the authors suggested a site of 
lead activity to be associated with some flavoproteins of electron 
transport- In a similar study with isolated com mitochondria. Koeppe 
and Miller (1970) also found reduction of succinate oxidation with con 
current stimulation of NAWi oxidation. When inorganic phosphate was 
included in the reaction media lead had no effect on these reactions. 
The authors suggested that lead phosphate precipitates in the presence 
of phosphate rendering the lead inactive and under normal nutrition 
plants should not exhibit lead toxicity from altered mitochondrial 
respiration. 
Bittell et al, (1974) further investigated into the effects of 
hea\'y metals on isolated com mitochondrial respiration. They found 
that sorption of lead as well as other heavy metals by mitochondria 
was passive. Greater than 50% inhibition of succinate oxidation was 
^ 2 
observed from additions of less than 0.1 uM Pb and swelling of 
mitochondria was observed. Low concentrations of lead stimulated 
exogenous .NADH oxidation while higher concentrations caused inhibition 
These adverse effects of lead on mitochondrial respiration may be 
linked to a breakdown in maintenance of membrane integrity (Tomabene 
et al.. 1977). 
Lee et al. (1976) reported that lead enhanced senescence by 
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stimulating activity of hydrolytic enzymes and peroxidase in leaves 
of soybean plants grown in solution culture with added lead. Increased 
respiration rate, increased activities of acid phosphatase, alpha- 
amylase and increases in soluble protein and ammonia were observed to 
occur. As stated previously, lead may affect various enz>’Tne systems 
in animals and humans as reviewed by Vallee and Ulmer (1972). Al¬ 
though there are generally great differences between animal and plant 
physiolog)’^ there are comparable systems in each that lead may affect. 
Respirator^" enzymes of both plant and animal systems are affected by 
lead for example. There has been little research conducted on lead 
effects in plants as compared to effects in animals, however. 
Foy et al. (1978) stated that the most general plant symptoms 
of heavy metal toxicity are stunting and chlorosis and this has been 
studied by DeKock (1956) as well as others. The ability of lead to 
cause Fe-deficiency chlorosis has been found to be much less than 
other heavy metals such as Cu, Co, and Cd in vegetable crops (Hewitt, 
1955). Very few studies have been conducted on lead induced nutritional 
deficiencies in soil probably because of the ability of most soils to 
bind lead. Tomabene et al. (1977) states that lead toxicity is ver>" 
rare in plants growing under natural conditions because in most areas 
the lead levels in soil are much lower than lead concentrations found 
to cause toxicity to plants. The exceptions may be areas where in¬ 
tense lead contamination from automobile exhaust, industrial emissions, 
and mines occurs. Even in these areas where soil lead levels may be 
elevated, conditions conducive to binding of lead in a plant unavail¬ 
able form in the soil are usually present. However, the conditions 
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may be subject to change and plants may be able to absorb appreciable 
quantities of lead as shovvn by the many studies growing plants under 
conditions increasing lead availability. 
A situation where plants may absorb large amounts of lead may 
occur in the primarily acid soils of Massachusetts where there has 
been intense lead contamination such as in the Boston urban area where 
high soil lead contents from lead paint has been documented (Spittler 
and Feder, 1979), Since high plant lead levels may not be visually 
expressed in terms of toxicity, vegetable crops containing high amounts 
of lead may be ingested by the public unknowing of the high lead 
contents. Therefore, further investigation must be made into the up¬ 
take of lead by various vegetable crops grown under conditions simula¬ 
ting the varied plant nutrient status of soils. 
CHAPTER I 
EFFECTS OF NUTRIENT LEVELS .AND LEAD LEVELS 
ON LEAD ACCUMULATION AND YIELD OF BUSHBEAN, 
CUCUMBER, MUSTARD, AND RADISH GROWN IN SOLUTION 
Introduction 
Since humans first began mining and smelting lead ores lead has 
been distributed in the environment in increasing amounts and by in¬ 
creasingly diversified means. The sources and distribution of lead 
in the environment have been the subject of recent reviews by Jennett 
et al, (1977), Lagerwerff (1972), the National Academy of Sciences 
(1972), and Ziradahl and Hassett (1977). 
Entry of lead at various points into the food chain may eventually 
result in increased lead intake by humans. Of particular concern is 
lead contamination of vegetable and forage crops. In cases where vege¬ 
table and other crops were grown on highly lead contaminated soils 
high lead concentrations could be found in the roots while very little 
lead was translocated to the upper plant parts (Baumhardt and Welch, 
1972; Ter Haar, 1970; and Zimdahl and Koeppe, 1977), However, there 
have been cases documented where lead uptake and translocation to 
upper plant parts was appreciable. Continuous spraying of orchards 
with lead arsenate resulted in an accumulation of lead in the soil 
and elevated lead levels in vegetable crops later grown on that soil 
(Chisholm, 1972; and Jones and Hatch, 1945). Spittler and Feder 
(1979) reported elevated lead levels of carrot, radish, and lettuce 
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60. 
tops grown on soils contaminated over a period of time with lead 
from lead-based paints. John and Van Laerhoven (1972b) and Motto et 
al. (1970) found that although in most vegetables root to shoot trans¬ 
location of lead was low, the exceptions were the leafy green vege¬ 
tables such as lettuce and spinach which accumulated significant 
amounts of lead in their foliage. 
Studies have been conducted to elucidate the factors that deter¬ 
mine the amounts of lead that plants absorb and translocate from lead 
contaminated soils. The effects of plant nutrient and other ions 
on lead uptake and accumulation have been investigated to a limited 
extent in the past. Two macronutrients, calcium and phosphorus, have 
been studied most frequently because of their reported effects in re¬ 
ducing lead accumulation by plants. Calcium added to soils in the form 
of lime has had an antidotal effect on lead toxicity from lead accumu¬ 
lated in plants (Langerwerff, 1972), and has reduced shoot lead accumu¬ 
lation of plants grown on contaminated soils (Cox and Rains, 1972). 
V 
However, results of experiments carried out using soil as the growth 
medium are equivocal, due to the possible dual effect of lime on lead 
uptake by plants. Lime may reduce lead solubility in soils and thus 
the amount of plant available lead by formation of insoluble lead 
compounds or by increasing chelation by humic compounds. Lime may also 
decrease lead uptake by plant roots due to the ionic effect of in¬ 
creased Ca^^ levels in reducing root absorption and translocation of 
lead. Results of studies by John and Van Laerhoven (1972a) led them 
to conclude that formation of insoluble lead compounds from liming 
lead contaminated soils was not a sole factor in the effect of lime 
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reducing lead accumulation by plants. Zimdahl and Foster (1976) 
suggested that the primary effect of liming lead contaminated soils was 
on reducing translocation of lead in plants. 
Studies on the effects of calcium employing simple salt solutions 
or complete nutrient solutions have been conflicting in their results. 
Studies by Kannan and Keppel (1976), Lee et al. (1976), and Wilkins 
(1957) concluded that the presence of Ca"*^^ ions in solution with lead 
decreased lead uptake by plants. However, Broyer et al. (1972) and 
Jones et al, (1973a) found little or no effect of Ca ions on lead 
absorption. 
As with the effects of calcium, phosphorus is thought to affect 
lead uptake by either reducing the amount of plant available lead 
in the growth media and/or directly reducing plant uptake or trans¬ 
location of lead. Lead contaminated soils amended with increasing 
levels of phosphorus have resulted in lower plant accumulation of 
lead (MacLean et al., 1969; Miller et al., 1975b; Rolfe, 1973; and 
Zimdahl and Foster, 1976). Increased phosphorus levels in solution 
culture have also reduced lead uptake by plants (Rolfe, 1973), Under 
phosphorus deficient conditions com grown in nutrient solutions 
accumulated 5 to 10 times more lead than when plants were grown under 
phosphorus sufficient conditions (Miller and Koeppe, 1970). The effect 
of phosphorus was attributed to increasing the selectivity of plant 
uptake of lead. However, Rolfe (1973) attributed the effect of phos¬ 
phorus to binding lead in an insoluble form in the growth medium, re¬ 
ducing plant uptake of lead. 
Sulfur addition to soils has reduced lead uptake by perennial 
ryegrass (Jones et al. , 1973b). However, studies by Karamanos et al. 
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(1976) reported no relationship between added sulfur and plant up¬ 
take of lead from soils, John and Van Laerhoven (1972a) reported an 
effect of elevated levels of nitrogen (from NH^NO^) in soils reducing 
lead uptake by lettuce. Solution culture studies by Kannan and 
Keppel (1976) showed that Mg and K in addition to Ca"^"^ reduced lead 
uptake by pea seedlings. They stated, however, that the mechanism of 
interaction of these ions was not clear. 
It is evident that although effects have been documented, there 
is controversy as to the effects of the various macronutrients on lead 
uptake and translocation by plants. 
High levels of several micronutrients have been reported to 
accompany high lead levels in soils from various pollution sources. 
High levels of Zn, Cu, Mo, and Mn often accompany high lead levels due 
to their presence in lead ores (Colbourn and Thornton, 1978; Jackson 
and Watson, 1977; and Jennett et al., 1977). Lagerwerff and Specht 
(1970) reported high levels of Zn along with high lead levels in soils 
bordering heavily traveled roads. High levels of trace elements 
accompanying lead are found in sewage sludges (Berrow and Webber, 
1972; and Lagerwerff et al,, 1976), Possibly, these micronutrients 
have an effect on lead uptake, either positively or negatively affect¬ 
ing plant absorption. However, very little literature is available on 
the interaction of elevated levels of these elements on plant lead 
uptake. 
It is therefore the intent of our investigations to: (i) note 
the effects of elevated nutrient levels and varied levels of lead 
(as Pb-EDTA) on lead concentrations and yield of selected vegetable 
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species grown in nutrient solution culture, (ii) identify individual 
interactions between the plant nutrients N, P, K, Ca, Mg, S, Mn, Zn, 
Fe, and Cu and varied levels of lead (as Pb-EDTA) on lead concentrations 
and yield of a selected vegetable species grown in nutrient solution 
culture, and (iii) note the effects of varied levels of the above 
nutrient ion(s) identified to interact with lead and varied levels of 
lead (as Pb-EDTA) on lead concent rations and yield of a selected vege¬ 
table species grown in nutrient solution culture, 
Because of the complexity of soil systems, use of soil as the 
growth medium in investigations of lead-nutrient interactions on the 
plant uptake of lead is undesirable. Hydroponic culture offers a 
greater degree of flexibility and control of the nutritional environ¬ 
ment of plants (Epstein, 1972). 
Application of lead treatments with a chelated form of lead 
(Pb-EDTA) prevents precipitation of insoluble lead compounds in the 
/ 
growth thus enabling more exact control of soluble lead concentrations, 
Whether or not the use of Pb-EDTA for lead uptake studies accurately 
simulates lead actually taken up by plants from the soil solution is 
open to question (Zimdahl and Koeppe, 1977). However, it may be an 
accepted point of view that metals are separated from chelating agents 
at the plant root with only the metal entering the plant with the 
chelating agent remaining behind in the nutrient solution or substrate 
(Wallace, 1980). Therefore, the use of Pb-EDTA should not affect 
interactions between ionic lead and nutrient ions on lead uptake in 
plant roots and translocation to upper plant parts if indeed such 
interactions do take place. ‘ 
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Materials and Methods 
The experiment employed aerated nutrient solution culture of 
plants in plastic containers as described by Maynard and Barker (1970), 
Seeds of 4 vegetable species (bush bean, Phaseolus vulgaris cv, Tender- 
crop; cucumber, Cucumis sativus cv. Peppi; mustard, Brassica juncea 
cv. Green Wave; and radish, Raphanus sativus cv, White Icicle) were 
germinated in silica sand in flats and watered with deionized water. 
WTien the seedlings reached a suitable size for transplanting (first 
true leaf developing) they were transferred to 1,8 liter plastic 
containers filled with the appropriate nutrient solution, 3 plants per 
container. After an acclimation period of one week, the plants were 
thinned to one plant per container. 
The plants were grown in growth chambers, mustard and radish under 
a 21/13 d/n temperature cycle and 11/13 hour d/n light cycle, and 
bush bean and cucumber under a 27/18 d/n temperature cycle and 
15/9 hour d/n light cycle. Plants within a species were arranged in 
a factorial completely randomized design. There was no replication of 
nutrient regime-lead level subclasses. 
Two nutrient regimes were employed; 
(i) Half strength Hoagland’s No. 1 nutrient solution providing approxi¬ 
mately 100 ppm Ca^^, 117 ppm K , 105 ppm N as NO^ , 16 ppm P as , 
24 ppm Mg"*^^, 32 ppm S as SO^ 0,25 ppm B as BO^ , 0,01 ppm Cu , 
0.5 ppm Fe"^^, 0.25 ppm Mn"^^, 0.005 ppm Mo"^ , and 0.025 ppm Zn , 
(ii) Full strength Hoagland’s No. 1 nutrient solution. 
Five lead levels were employed; 
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Zero (control), 0.5, 5.0, 25.0, and 100 ppm Pb-EDTA from additions of 
1000 ppm Pb-EDTA stock solution to the nutrient solutions. 
All treatments were applied at transplanting (22 June, 1979) and 
continued until harvest (30 July, 1979). During growth, deionized 
water additions to each container were made to compensate for evapora¬ 
tion and plant transpirational losses. Approximately 3 weeks after 
initiation of treatments the nutrient solutions were renewed to compen¬ 
sate for plant removal of nutrients. Plants were grown until suffi¬ 
cient plant material for analysis was obtained (approximately 5 weeks) 
and then were harvested. Plants were separated into leaves, stems, 
and roots where applicable and were rinsed in 3 successive portions of 
deionized water. The tissue samples were forced-air, oven dried at 
70 to 75 to constant weight, weighed, and ground in a Wiley mill 
to pass a 20-mesh screen for chemical analysis. 
Chemical analysis. Plant tissue samples were prepared for Pb analysis 
using the following procedure. All apparatus was first washed in tap 
water with laboratory detergent, rinsed with successive portions of 
tap water, then leached in 20% HNO^ and finally rinsed with successive 
portions of distilled water. For each observation, 250 mg of oven- 
dried tissued (where possible) was weighed out and transferred to a 
50 ml Erlenmeyer flask. Approximately 7 ml of HNO^ (70%) was then 
added to each sample. The solutions were brought to a boil on a 
vented digestion plate. The samples stood boiling until the color of 
the vapors expelled from the vessels changed from a reddish-brown tint 
to near opaque white (5 to 10 minutes). Hydrogen peroxide (30%) was 
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then added dropwise to the solutions until all reddish-brown tint 
disappeared. The solutions continued to boil until reddish-brown 
vapors reappeared and then hydrogen peroxide was again added dropwise, 
This was repeated until the reddish-brown vapors did not reappear with 
continued boiling. The resultant solutions were cooled and then 
quantitatively transferred into 25 ml volumetric flasks and brought 
up to volume with distilled water. Samples were analyzed for Pb by 
atomic absorption spectrophotometric methods with an Instrumentation 
Laboratories 551 AA/AE spectrophotometer. Reagent blanks were also 
analyzed after undergoing the above HNO^-H^O^ digestion procedure to 
test the contamination contribution of the chemical analyses performed. 
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Results 
Growth response. The influence of nutrient regirae and Pb level on 
bush bean yield are presented in Table 1. Yields of all plant parts 
decreased when Pb was added to the nutrient solutions, However, 
there was no consistent trend in yield depression as Pb level increased 
except that yields were depressed to the greatest extent at the 100 
ppm Pb level, Stunting and interveinal chlorosis of foliage appeared 
when the Pb level was 25 ppm or greater. There was no consistent 
effect of nutrient regime on yield at each Pb level. The bean plant 
grown under the full Hoagland’s regime and 0,5 ppm Pb level had lower 
yield than the plants grown under either the half Hoagland's regime 
or the control Pb level due to an undetermined variable, 
The influence of nutrient regime and Pb level on cucumber yield 
are presented in Table 2. Yields of plants grown under the full 
Hoagland’s regime were highest at the 0.5 ppm Pb level and decreased 
at higher Pb levels. A less consistent trend was apparent of de¬ 
creased yields under the half Hoagland’s regime as Pb level increased. 
However, under both nutrient regimes plants grown at the 100 ppm 
Pb level were severely stunted. Interveinal chlorosis of leaves 
occurred when Pb level was 25 ppm or greater. There was no consistent 
effect of nutrient regime on yield at each Pb level. Cucumber plants 
grown at 5 ppm Pb level and half Hoagland’s and at control Pb level 
and full Hoagland’s had lower yields than corresponding plants grown 
under either lower Pb levels or a lower nutrient level, respectively. 
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The influence of nutrient regime and Pb level on mustard yield 
are presented in Table 3. Yields of plants grown under the half 
Hoagland’s nutrient regime decreased as Pb level increased to the 
point where growth was severely inhibited at the 25 ppm and 100 ppm 
Pb levels. A less clear trend of decreased yields as Pb level in¬ 
creased was evident for plants grown under the full Hoagland's 
regime. This may have been due to variation similar to that found 
for bush bean and cucumber. At the 25 ppm Pb level or greater growth 
was inhibited similarly as plants grown under the half Hoagland’s 
regime. Plants grown under the full Hoagland’s regime were higher in 
yield than plants grown under the half Hoagland’s regime at the 3 
lowest Pb levels. 
The influence of nutrient regime and Pb level on radish yield 
are presented in Table 4. Yields of plants grown under the full Hoag¬ 
land’s regime decreased as Pb level increased, A less clear trend of 
yield depression as Pb level increased was evident for plants grown 
under the half Hoagland’s regime. The radish grown under the 0.5 ppm 
Pb level and half Hoagland’s regime was lower in yield than the radish 
grown at the 5.0 ppm Pb level. Under both nutrient regimes yields 
were severely depressed when the Pb level was 100 ppm. There was no 
consistent effect of nutrient regime on yield at each Pb level. 
Lead accumulation. The influence of nutrient regime and Pb level on 
lead concentrations in bush bean are presented in Table 5. Lead con¬ 
centrations in roots increased as Pb level was increased. However, 
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level was increased to 5.0 ppm. Lead concentrations in all plant 
parts increased greatly as Pb level increased to 100 ppm. The effect 
of nutrient regime on Pb concentrations varied for the plant parts. 
Generally, plants grown under the full Hoagland’s nutrient regime 
had higher Pb concentrations in roots and leaves than corresponding 
plants grown under the half Hoagland's nutrient regime. However, for 
stems of plants grown under full or half Hoagland's nutrient regimes 
the Pb concentrations were similar. Under both nutrient regimes the 
roots accumulated higher Pb concentrations that corresponding stems 
or leaves with these plant parts accumulating similar Pb concentra¬ 
tions . 
The influence of nutrient regime and Pb level on lead concentra¬ 
tions in cucumber are presented in Table 6. Lead concentrations in¬ 
creased in roots but not leaves or stems in plants grown under the 
0.5 ppm Pb level relative to the control Pb level. As Pb level in¬ 
creased from 5.0 ppm to 100 ppm the Pb concentrations of all plant 
parts increased. At 100 ppm Pb level, however, roots of plants grown 
under both nutrient regimes had lower Pb concentrations than plants 
grown under the 25 ppm Pb level. Plants grown under the full Hoagland's 
nutrient regime generally accumulated lower Pb concentrations than 
under the half Hoagland’s nutrient regime for all plant parts when Pb 
was added up to 100 ppm. At the 100 ppm Pb level variable results 
occurred where stems and roots of plants grown under the full Hoagland's 
regime were higher in Pb concentration than under half Hoagland’s. 
Leaves of plants grown under the half Hoagland's nutrient regime had 
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Hoagland's regime at the 100 ppm Pb level. Roots accumulated higher 
Pb concentrations than leaves or stems at each Pb level up to 25 
ppm Pb level for both nutrient regimes indicating limited transloca¬ 
tion of Pb to upper plant parts. Consistency in trends of lead 
accumulation as influenced by Pb level and nutrient regime was greater 
for cucumbers than for bush beans. 
The influence of nutrient regime and Pb level on lead concentra¬ 
tions in mustard are presented in Table 7. Relative to the control 
Pb level, lead concentrations in roots increased as Pb level was in¬ 
creased to 0.5 ppm and higher, however, shoot Pb concentrations did 
not increase until Pb level was 5.0 ppm. Lead concentrations in 
both plant parts were lower for plants gro^^m under the full Hoagland's 
regime than under the half Hoagland's regime. Roots accumulated 
higher Pb concentrations than shoots when Pb was added to the nutrient 
solutions regardless of nutrient regime, IVhen the Pb level was in¬ 
creased to 25 ppm or 100 ppm growth was suppressed to the extent of 
preventing sufficient plant material for analysis from being obtained. 
The influence of nutrient regime and Pb level on lead concentra¬ 
tions in radish are presented in Table 8. Relative to the controls, 
the Pb concentration of roots increased when the Pb level was 0.5 ppm 
or greater. However, shoot Pb concentrations did not increase rela¬ 
tive to the controls until the Pb level was 5.0 ppm or greater. 
There was no apparent trend in shoot or root Pb concentrations as 
influenced by nutrient regime at each Pb level. At a given Pb level 
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regardless of nutrient regime. At the 100 ppm Pb level growth was 
suppressed to the extent of preventing sufficient plant material 
for analysis from being obtained. 
Table 9-12 presents total lead accumulation in bush bean, cu¬ 
cumber, mustard, and radish as influenced by nutrient regime and Pb 
level. As the Pb level increased to 5.0 ppm for mustard and 25.0 
ppm for bean, cucumber and radish there was a corresponding increase 
in Pb accumulation of all plant parts. This confirms that the in¬ 
crease in Pb concentrations (Tables 5-8) was the result of increased 
lead uptake and translocation rather than simply a decrease in yield 
(Tables 1-4) as Pb level was increased. 
At the 100 ppm Pb level a decrease in total Pb accumulation of 
bean and cucumber roots occurred concurrently with the decrease in 
yield (Tables 1, 2) relative to plants grown at lower Pb levels. How¬ 
ever, translocation of Pb to the upper plant parts was not reduced 
to the extent that root Pb accumulation or yields were reduced. The 
total Pb accumulation of bean stems under both nutrient regimes or 
leaves under the half Hoagland's nutrient regime was highest at the 
100 ppm Pb level. Also, the total Pb accumulation of cucumber leaves 
under both nutrient regimes and stems under the full Hoagland's nutrient 
regime was highest at the 100 ppm Pb level. Possibly, high concentra¬ 
tions of Pb in the root environment were so toxic as to prevent the 
root cells froii> binding lead in an immobile form in the cell wall as 
observed by Malone et al. (1974). Thus more lead would be free for 
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The results of this experiment indicate that all plant species 
tested take up varying amounts of lead from the growth media when 
lead was added. This is in agreement with the results found by 
many other studies (Baumhardt and Welch, 1972; Broyer et al., 1972; 
Chisholm, 1972; Crowdy and Tanton, 1970; Hevesy, 1923; John, 1977; 
John and Van Laerhoven, 1972a; John and Van Laerhoven, 1972b; Jones 
et al., 1973a; Kannan and Keppel, 1976; Karamanos et al., 1976; 
Lagerwerff, 1971; Lagerwerff, 1972; MacLean et al., 1969; Miller and 
Koeppe, 1970; Rolfe, 1973; and Zimdahl and Koeppe, 1977). 
Our study is in agreement with a majority of evidence that far 
less Pb is translocated to upper plant parts than remains in the 
roots (Baumhardt and Welch, 1972; Broyer et al., 1972; Hevesy, 1923; 
John, 1977; John and Van Laerhoven, 1972b; Jones et al,, 1973a 
Karamanos et al., 1976; MacLean et al., 1969; Rolfe, 1973; and 
Zimdahl and Koeppe, 1977). 
For each plant species, as the Pb level was increased from con¬ 
trol to 0.5 ppm the roots increased in Pb concentration while the 
upper plant parts did not. However, when the Pb level was increased 
t 
to 5.0 ppm the upper plant parts showed increased Pb concentrations. 
This indicates that a threshold exists at some Pb level intermediate 
between 0.5 ppm and 5.0 ppm that when exceeded translocation of Pb 
from the roots to the upper plant parts occurs. Possibly the roots 
accumulated and bound Pb up to a certain concentration before any 
appreciable translocation to the upper plant parts occurred. This 
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would be consistent with the high lead binding capacity of roots 
observed by Hevesy (1923) and explained by Malone et al. (1974). 
The increased Pb concentrations in the plant species was con¬ 
current with decreased yields when the Pb level was increased. This 
indicates an adverse response of plant growth to increased Pb burden 
of the plants. This Pb-induced, growth reduction found in the 
plants exposed to increasing amounts of Pb in the growth media is 
in agreement with the results of others (Hassett et al., 1976; 
Huang et al., 1974; John, 1977; Malone et al., 1978; Miller et al,, 
1977; Miller and Koeppe, 1970; Vandecaveye et al., 1936; and Wilkins, 
1957). Mustard and radish plants seemed the most sensitive to 
high Pb levels as growth was severely inhibited preventing adequate 
yields for analysis. 
General symptoms of metal toxicity in plants are stunting and 
chlorosis (Foy et al., 1978). Although the exact mechanism of lead 
toxicity is obscure, lead may interfere with plant processes such 
as photosynthesis (Bazzaz et al., 1974; Huang et al,, 1974; and 
Miles et al., 1972) and respiration (Bittell et al. , 1974; and 
Miller and Koeppe, 1970). Antagonism with uptake of plant nutrients 
such as Fe (Hewitt, 1953), or Mn and Zn (Kannan and Keppel, 1976) 
may also occur. 
There was an apparent trend in lead accumulation as affected by 
nutrient regime for the plant species tested. Generally, plants 
grown under the full Hoagland's nutrient regime accumulated lower 
concentrations of lead than plants grown under the half Hoagland’s 
nutrient regime when lead was added to the nutrient solutions and 
sufficient plant material was harvestable for analysis. This 
trend was most consistent for cucumber and mustard. Lower tissue 
concentrations of plants grown under the full Hoagland’s nutrient 
regime relative to half Hoagland’s regime at a given Pb level was 
concurrent to higher dry weight yields and this supports and is 
supported by evidence of Pb toxicity in plants with high tissue 
Pb concentrations. Further study is warranted to determine if 
elevated levels of specific plant nutrients reduce lead accumula- 
Pb 
tion by plants. 
CHAPTER II 
EFFECTS OF INDIVIDUAL MACRONUTRIENT AND 
MICRONUTRIENT LEVELS ON THE LEAD ACCUMULATION 
AND YIELD OF CUCUTIBER GROWN IN SOLUTION 
Introduction 
The results of Chapter I indicated that at a given lead level 
plants grown with elevated levels of nutrients (full Hoagland’s 
nutrient solution) accumulated lower concentrations of lead and had 
higher yields than plants grown under lower levels of nutrients (half 
Hoagland’s nutrient solution). This warrants further study to ascer¬ 
tain whether elevated levels of individual nutrients could cause a 
similar effect on lead accumulation and growth of a vegetable species. 
The plant species that were most consistent in their response to 
the nutrient regime effect on lead accumulation were cucumber (Cucumis 
sativus cv. Peppi) and mustard (Brassica juncea cv. Green Wave). How¬ 
ever, because of the poor growth exhibited by mustard at Pb levels 
of 25 ppm or greater, cucumber was used in all further experiments, 
Chapter II includes two experiments, one investigating effects 
of elevated levels of selected macronutrients, N, P, K, Ca, and Mg 
on the growth and lead accumulation of cucumber, and the other 
experiment (identical in design) investigating the effects of elevated 
levels of selected micronutrients, Mn, Zn, Fe, Cu, and S on growth and 
lead accumulation of cucumber. 
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Materials and Methods 
Experiments. These experiment employed aerated nutrient solution 
culture of plants as described by Maynard and Barker (1970) in 
plastic containers set on benches in the ambient light and tempera¬ 
ture regimes of a greenhouse environment. For each experiment, 
cucumber (Cucumis sativus cv. Peppi, Ball Seed Co., West Chicago, 
Illinois) seeds were germinated in silica sand in flats in the 
greenhouse and watered with deionized water. When the seedlings 
reached a suitable size for transplanting (first true leaf develop¬ 
ing) they were transferred to 1.8 liter plastic containers filled 
with 1.5 liters of the appropriate treatment nutrient solution, 3 
plants per container. After an acclimation period of one week the 
plants were thinned to one plant per container. All treatments 
were applied at transplanting, continued throughout the course of 
the experiment, and were replicated 4 times in a factorially arranged 
completely randomized design. Plants were grown until sufficient 
plant material for analysis was obtained (approximately 5 weeks) and 
were harvested. During growth deionized water additions to each 
container were made to compensate for evaporation and transpirational 
losses. Approximately 3 weeks after the initiation of treatments, 
the nutrient solutions were renewed to compensate for plant removal 
of nutrients. At harvest plant materials were separated into leaves 
(laminar tissues), stems, and roots, were weighed, and were rinsed in 
3 successive portions of deionized water. The tissue samples were 
forced-air oven dried at 70 to 75°C to constant weight, weighed, and 




Experiment 1. Three lead levels were employed; 0 ppm (control) 
0.5 ppm, and 25 ppm from additions to a 1,000 ppm Pb-EDTA solution 
to the treatment nutrient solutions. 
Seven nutrient regimes were employed: 
(i.) Half strength Hoagland's No. 1 solution providing approx. 
100 ppm Ca"^^, 117 ppm , 105 ppm N as NO “, 16 ppm P as H PO ", 
24 ppm Mg , 32 ppm S as SO^ 0.25 ppm B as BO^ , 0.01 ppm Cu"^^, 
0.5 ppm Fe"^^, 0.25 ppm Mn"^^, 0.005 ppm Mo"^^, and 0.025 ppm Zn*^^. 
(ii.) Half strength Hoagland’s No. 1 solution with an elevated 
level (210 ppm) of N as NO^'. 
(iii.) Half strength Hoagland’s No. 1 solution with an elevated level 
(31 ppm) of P as H_P0 ~. 
(iv.) Half strength Hoagland’s No. 1 solution with an elevated level 
(234 ppm) of K^. 
(v.) Half strength Hoagland’s No. 1 solution with an elevated level 
(200 ppm) of Ca^^. 
(vi.) Half strength Hoagland’s No. 1 solution with an elevated level 
(48 ppm) of Mg"*^^. 
(vii.) Full strength Hoagland’s No. 1 solution. 
This experiment was conducted from 8 April to 7 May, 1980. 
Experiment 2. Three^lead levels were employed: 0 ppm (control), 
0.5 ppm, and 25 ppm from additions of a 1,000 ppm Pb-EDTA solution to 
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the treatment nutrient solutions. 
Seven nutrient regimes were employed: 
(i.) Half strength Hoagland’s No. 1 solution. 
(ii.) Half strength Hoagland's No. 1 solution with an elevated 
level (0.5 ppm) of Mn^^. 
(iii.) Half strength Hoagland’s No. 1 solution with an elevated level 
(0.05 ppm) of Zn 
(iv.) Half strength Hoagland’s No. 1 solution with an elevated 
level (1.0 ppm) of Fe^^. 
(v.) Half strength Hoagland’s No. 1 solution with an elevated 
^ 2 
level (0.02 ppm) of Cu^ . 
(vi.) Half strength Hoagland’s No. 1 solution with an elevated 
-2 
level (64 ppm) of S as SO^ 
(vii.) Full strength Hoagland’s No, 1 solution. 
This experiment was conducted from 15 October to 1 December, 
1979. 
Chemical analysis. Plant tissue samples were prepared for Pb 
analysis and analyzed using procedures described in Materials and 
Methods of Chapter I. In addition a U.S. National Bureau of Stand¬ 
ards orchard leaf sample and reagent blanks were also analyzed 
after undergoing the HNO,- ^2^2 procedure to test the 
accuracy and contamination contribution of the chemical analyses 
performed. Results are listed in Table 1. 
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Table 1. Accuracy in determination of Pb concentrations in plant 
tissues using a HNO^ - wet ashing procedure. 
Sample Preparation Method - 
U.S. Bureau of 
Standards 
HNO^ - 
Orchard leaf sample, Pb, ppm of dry weight - 





a - mean of 3 determinations by atomic absorption methods. 
Analyzed June 1980. 
b - Mean of 3 determinations by atomic absorption methods. 
Analyzed March 1980. 
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Results and Discussion 
Experiment 1, 
Lead accumulation. Increasing the Pb level in the nutrient 
solution to 25 ppm resulted in increased Pb concentrations in all 
plant parts, regardless of nutrient regime (Table 2). This was 
similar to the results found in Chapter I. However, increasing the 
Pb level to 0.5 ppm did not result in significant increases in the 
Pb concentrations of leaves, stems, or roots although there was a 40- 
fold increase in root Pb concentrations at the 0.5 ppm Pb level 
relative to the control Pb level. This may be attributed to high 
variation in Pb concentrations among replicates of the Pb level- 
nutrient regime subclasses. 
While Pb concentrations of all plant parts were approximately 
the same under the control Pb level, as the Pb level was increased 
to 0.5 ppm there was less than a 2-fold increase in stem or leaf Pb 
concentrations while the root Pb concentrations increased 40 times. 
At the 25 ppm Pb level there was a 300-fold increase in the root 
Pb concentrations relative to the control while only a 7 to 8-fold 
increase in the stem or leaf Pb concentrations. This supports 
evidence found in Chapter I that translocation of Pb from roots to 
shoots is limited in cucumber. Table 3 presents the total lead 
accumulation by cucumber as influenced by Pb level. As the Pb 
level was increased to 0.5 ppm for roots and to 25 ppm for leaves 
and stems there was an increase in the Pb accumulation in these plant 
parts. This confirms that the increased Pb concentrations in all 
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Table 2. Lead concentrations 
level. Each figure 
regimes. 
in cucumber 
is the mean 
as influenced by Pb 
of seven (7) nutrient 
- Plant Part - 
Pb Level Leaves Stems Roots 
ppm ug/g, dry wt. basis — 
0.0 13.6 a 12.8 a 12 
0.5 20.3 a 17.1 a 489 
25.0 109 b 90 b 3741 
Means within a column followed by a different letter are significantly 
different (P = 0.05). 
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Table 3. Total Pb accumulation in cucumber as influenced by Pb level. 
Figures are means of seven (7) nutrient regimes. 
Pb Level Leaves 
Plant Part —■ 
Stems Roots 
'-*3/ 
0.0 74.4 a 33.7 a 17.3 a 
0.5 112 a 48.9 a 633 b 
25.0 451 b 191 b 4559 c 
Means within a column followed by a different letter are significantly 
different (P = 0.05). 
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plant parts in response to increasing Pb levels in the nutrient 
solutions (Table 2) were the result of increased lead uptake and 
translocation rather than only a decrease in yields (Table 6). 
The lead concentrations of all plant parts of plants grown 
under the control Pb level (Table 2) were elevated relative to 
those found in uncontaminated vegetable crops (0.1 to 1,0 ppm, 
Warren and Delavault, 1962), Contamination from nutrient stock solu¬ 
tions used in preparation of the nutrient solutions seems probable. 
Also, aerial contamination from nearby (approx. 200 m) coal burning 
steam generators may have occurred. 
Lead concentrations in cucumber as influenced by nutrient re¬ 
gime are presented in Table 4. The high Ca nutrient regime resulted 
in lower leaf Pb concentrations of plants grown at the 25 ppm Pb 
level relative to the half Hoagland's nutrient regime, This was 
attributable to an increase in yield (Table 7) under the high Ca re¬ 
gime. Total Pb accumulation (Table 5) for leaves of plants grown 
at the 25 ppm Pb level and under the high Ca regime was similar to 
that of the leaves of plants grown under the same Pb level and the 
half Hoagland’s nutrient regime. There were no other significant 
responses of Pb concentrations in cucumber to nutrient regime, 
The Pb concentrations of roots of plants grown under the high 
Ca regime and the 0,5 and 25 ppm Pb levels (Table 4) were reduced 
(although non-significantly) compared to the other nutrient regimes. 
This reduction in Pb concentration was mainly the result of increased 
yields (Table 7) as the total Pb accumulation (Table 5) was not re¬ 
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(19/8) quote a study by Ivallace ot al. (1966) suggesting that high cal¬ 
cium levels in the growth medium are necessary to detoxify divalent 
metal cations. Also, Lagerwerff (1972) quotes a study by Alloway 
(1968) suggesting a possible antidotal effect of calcium on radish 
growth in high lead soils. Our data suggest that high calcium levels 
may prevent growth reductions caused by Pb in cucumber while not affect¬ 
ing total Pb accumulation resulting in reduced Pb concentrations in 
cucumber tissues. 
Although there has been a large amount of evidence produced 
supporting an effect of phosphorus on lead uptake and translocation 
by various plants (MacLean et al., 1969; Miller and Koeppe, 1970; Miller 
et al., 1975b; Rolfe, 1973; and Zimdahl and Foster, 1976) our data 
do not indicate an effect of phosphorus on lead uptake and transloca¬ 
tion in cucumber. Possibly, a sufficiently wide range of phosphorus 
levels was not employed in this study to show an effect of phosphorus. 
The phosphosus levels in half Hoagland's (16 ppm) and full Hoagland's 
(51 ppm) nutrient solutions far exceed the phosphorus levels found in 
soil solutions (0.3 to 3.0 ppm, Mengel and Kirkby, 1978) and an 
effect of phosphorus on lead uptake and translocation may at lower 
phosphorus levels where phosphorus deficiency in plants may occur. 
Tlie full Hoagland's nutrient regime reduced the Pb concentrations 
of leaves and stems (non-significantly) at the 25 ppm Pb level relative 
to the half Hoagland's nutrient regime (Table 4). This was attribu¬ 
table to the effect of the full Hoagland's regime on total Pb accumula¬ 
tion (table 5) and not on yield (Table 7) and is consistent with the 
results of Chapter I. 
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Variation in Pb concentrations among replicates of the Pb level- 
nutrient regime subclasses may have obscured significant differences. 
Similar variation in Pb concentrations has been encountered by 
others. Miller and Koeppe (1970) and Ter Haar (1970) attributed 
variability in plant Pb concentrations to biological differences in 
the plant material analyzed. Their explanations, however, do not 
seem to adequately clarify the situation. The source of variation 
in this experiment was not attributable to the experimental variables 
or to the procedures and remains unresolved. 
Growth response. Cucumber yield as influenced by Pb level is pre¬ 
sented in Table 6. As the Pb level was increased from the control level 
to 0.5 ppm leaf yield increased. Slight growth enhancement by low 
Pb levels have been reported by others (Keaton, 1937: and Tornabene 
et al., 1977), however, the majority of evidence supports the view 
that lead is deleterious to plant growth. The cause of the growth 
increased at the 0,5 ppm Pb level in this experiment is unknown. At the 
25 ppm Pb level leaf and stem yields decreased relative to yields at 
the 0,5 ppm Pb level, Pb level did not influence root yield. 
Variable results occurred in cucumber yield as influenced by nutri¬ 
ent regime (Table 7). Generally, where significant differences were 
found the high N regime resulted in the lowest yields, The high N re¬ 
gime depressed not only growth but also Pb accumulation (Table 5). 
Possibly, this could have been the result of sodium toxicity due to the 
levels to 210 ppm. Variation among replicates of the Pb level-nutrient 
regime subclasses may have obscured differences in yields as influenced 
by nutrient regime. 
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Table 6. Cucumber yield as influenced by Pb level. Each figure is 
the mean of seven (7) nutrient regimes. 
—-Plant Part --- 
Pb Level Leaves Stems Roots 
ppm dry wt., g/plant part - 
0.0 5.60 b 2.70 ab 1.43 a 
0.5 6.61 c 2.91 b 1.61 a 
25.0 4.42 a 2.22 a 1.42 a 
Means within a column followed by a different letter are significantly 
















































































































































































Lead accumulation. Table 8 presents the Pb concentrations in 
cucumber as influenced by Pb level. Increasing the Pb levels to 25 
ppm resulted in significantly higher Pb concentrations of all plant 
parts. However, increasing Pb levels to 0.5 ppm did not result in 
significant increases of Pb concentrations in leaves, stems, or even 
roots which were 50 times higher in Pb concentration relative to 
controls. Variation among replicates of Pb level-nutrient regime 
subclasses similar to Experiment 1 influenced the results. 
Translocation of Pb from roots to shoots was limited. As the Pb 
level was increased from control levels to 0.5 ppm there was a 50- 
fold increased in root Pb concentration with only a 10-fold increase 
in leaf Pb concentration and a 5-fold increase in stem Pb concentrations, 
When the Pb level was increased to 25 ppm there was a 300-fold increase 
in root Pb concentration relative to the control with only a 75-fold 
increase in leaf and a 30-fold increase in stem Pb concentrations, 
Lead concentrations in stems were slightly higher than in correspond¬ 
ing leaves at each Pb level. However, the trend was reversed in total 
Pb accumulation (Table 9). This was due to an approximately 2-fold 
difference in yield (Table 12) between leaves and corresponding stems, 
The increased Pb concentrations observed as the Pb level was in¬ 
creased from the control to 25 ppm Pb levels are due to increased up¬ 
take and translocation of Pb. This is evident from the increases in 
total Pb accumulated (Table 9) as Pb level was increased. 
As with Experiment 1, contamination of nutrient solutions with 
small amounts of Pb and aerial contamination seemed to have caused 
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Table 8. Lead concentrations in cucumber as influenced by Pb level. 
Each figure is the mean of seven (7) nutrient regimes. 
Pb Level Leaves 






 2.54 a 8.32 a 27.9 a 
0.5 26.3 a 40.8 a 1242 a 
25.0 170 b 273 b 8987 b 
Means within a column followed by a different letter are significantly 
different (P = 0.05). 
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Table 9. Total Pb accumulation in cucumber as influenced by Pb 
level. Each figure is the mean of seven (7) nutrient 
regimes. 
Pb Level Leaves 
Plant Part--- 
Stems Roots 




 3.9 a 5.5 a 8.1 
0.5 39.3 b 16.7 b 237 
:5.o 146 c 84 c 1517 
Means within a column followed by a different letter are significantly 
different (P = 0.05). 
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the control plants to have higher Pb concentrations than the normally 
found 0.1 to 1.0 ppm in uncontaminated vegetables (Warren and 
Delavault, 1962), 
Lead concentrations in cucumber as influenced by nutrient regime 
are presented in Table 10, There was no significant effect of nutri¬ 
ent regime on Pb concentrations except that the high SO^ regime re¬ 
sulted in increased Pb concentrations in leaves at the control Pb 
level. Since no lead was intentionally added to the nutrient solu¬ 
tions and increased Pb concentrations were absent from corresponding 
stems or roots it seems probably that contamination during the Pb 
analysis occurred causing a high Pb concentration. 
Erratic results occurred in total Pb accumulation as influenced 
by nutrient regime (Table 11), At the 0.5 ppm and 25 ppm Pb levels 
roots accumulated higher total Pb contents under the full Hoagland’s 
nutrient regime than the other nutrient regimes. Possibly, some 
component of the full Hoagland's nutrient regime other than the 
micronutrients used in this experiment caused an increase in root Pb 
accumulation. However, similar results are lacking in Experiment 1. 
Growth response. Cucumber yield as influenced by Pb level are 
presented in Table 12, The 0,5 ppm Pb level did not influence yield 
of any plant part relative to the control Pb level. At the 25 ppm Pb 
level yield of all plant parts were significantly decreased relative 
to the control and 0.5 ppm Pb levels. This supports the previous 
results of Experiment 1 and Chapter I. 
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Table 12, Cucumber yield as influenced by Pb level. Each figure is 
the mean of seven (7) nutrient regimes. 
Pb Level Leaves Stems Roots 
ppiii -ViJ./ wu., g/ u 
0.0 1.64 b 0.68 b 0.31 b 
0.5 1.73 b 0.70 b 0.30 b 
25.0 0.97 a 0.40 a 0.19 a 
Means within a column followed by a different letter are significantly 
different (P = 0.05). 
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nutrient regime (Table 13). At the 0.5 ppm Pb level yields of all 
plant parts were higher in plants grown under the full Hoagland's 
nutrient regime than under the half Hoagland's nutrient regime. At 
the 25 ppm Pb level yields were also higher (although non-signifi¬ 
cant ly) under the full Hoagland's regime than under the half Hoag¬ 
land's regime. Concurrently, total Pb accumulation was elevated in 
the roots at the 0,5 and 25 ppm Pb levels (Table 11) and in leaves 
at the 0.5 ppm Pb level of cucumber grown under the full Hoagland's 
regime relative to the lower nutrient levels of the half Hoagland's 
nutrient regime. At the control Pb level there was no significant 
difference in yield between cucumber grown under the half Hoagland's 
and the full Hoagland's nutrient regimes. We might suggest that 
elevated nutrient levels under the full Hoagland's nutrient regime 
reduces Pb toxicity and subsequent yield decreases in cucumber rela¬ 
tive to the lower nutrient levels of the half Hoagland's nutrient 
regime, however similar results did not occur in Experiment 1. As 
with Experiment 1, variation in yield and Pb concentrations probably 
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EFFECTS OF VARIED CALCIUM OR PHOSPHORUS 
LEVELS ON LEAD ACCUMULATION AND YIELD OF 
CUCUMBER GROWN IN SOLUTION 
Introduction 
In Experiment I of Chapter II the high Ca nutrient regime re¬ 
sulted in a trend of reduced Pb concentrations of leaves and stems 
relative to the half Hoagland's nutrient regime. This was due to 
increased yields under the high Ca nutrient regime and it was suggest¬ 
ed that higher calcium levels relative to other nutrients may prevent 
Pb induced growth reduction. Wilkins (1957) found a specific effect 
of Ca^^ ions on counteracting Pb induced growth reduction in Festuca 
ovina. Others (see Introduction to Chapter I) have found effects of 
Ca^^ ions or lime reducing Pb toxicity and accumulation. 
Although there was no effect of the high P nutrient regime on 
Pb accumulation and toxicity in Experiment 1 of Chapter II it was 
suggested that phosphorus levels may have been too high even in the 
half Hoagland's nutrient regime to reveal the effects of low phos¬ 
phorus levels on Pb accumulation and toxicity. Miller and Koeppe 
(1970) found an effect of phosphorus levels on Pb accumulation and 
toxicity in corn. In their study phosphorus was either provided in 
full strength Hoagland's nutrient solution or withheld completely 
and phosphosus deficiency resulted. Lead accumulation was 5-10 times 
higher in phosphorus deficient plants and the toxic effects of Pb 
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were more pronounced. Other studies (see Introduction to Chapter I) 
strongly suggest an effect of phosphorus on lead uptake and accumula¬ 
tion in plants. 
The results of Chapter II did not clearly show effects of 
elevated levels of calcium or phosphorus relative to the other nutri¬ 
ents on lead accumulation and yield of cucumber. However, because 
of the uncertainty as to whether the effects of calcium (or lime) 
and phosphorus occur in the growth medium and/or in plant tissues 
further study is warranted. In this third study we intend to note 
the effects of varied levels of calcium or phosphorus on lead accumula¬ 
tion and yield of cucumber grown in nutrient solution culture. 
Variation in growth and Pb accumulation was present consistently 
in both experiments of Chapter II. However, the source of variation 
was not attributable to the experimental variables or procedures and 
remains indistinct. In order to overcome effects of variation on 
the tests of significance for the calcium and phosphorus level 
effects on Pb accumulation and yield the number of replicates or 
blocks was increased to 8. The number of replicates per treatment 
was determined using a procedure according to Steel and Torrie (1960). 
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Materials and Methods 
Experiments. Tliese experiments employed aerated nutrient solution 
culture of plants as described in Chapter II. Cucumber (Cucumis 
sativus cv. Peppi) was used again as the experimental plant species. 
All treatments were replicated 8 times in a factorially arranged 
randomized complete-block design. The number of replicates per treat¬ 
ment was calculated according to a method by Steel and Torrie (1960) 
using the formula: 
r > 
2 2 
2 . tp s 
? 
where r^ the number of replicates per treatment 
error MS of previous experiment 
true difference to be detected 
t associated with Type I error 
t associated with Type II error 
Results of the determination of the number of replicates are listed 
in Table I. 
Both exneriments were conducted from 6 November to 5 December, 
2. 
1980. 
At harvest plant materials were separated into shoots and roots, 
were weighed, and rinsed in 3 successive portions of deionized water. 
The tissue samples were forced-air oven dried at 70 to 75 C to 
constant weight, weighed, and ground in a Wiley mill to pass a 20- 
mesh screen for chemical analysis. 
Prior to addition of Pb-EDTA stock solution to those treatments 
receiving Pb, Pb-EDTA was titrated from pH 2.7 to pH 6.4 with 50% 
NaOH. 
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Experiment 1. Two lead levels were employed; 0 ppm (control), and 
10 ppm from addition of a 1,000 ppm Pb-EDTA solution to the treat¬ 
ment nutrient solutions. 
Five nutrient regimes were employed; 
(i.) Half strength Hoagland’s No. 1 nutrient 
ppm Ca^^ from CaCNO^)^. 
(ii.) Half strength Hoagland's No. 1 nutrient 
ppm Ca^^ from CaCNO^)^. 
(iii.) Half strength Hoagland’s No. 1 nutrient 
ppm Ca^^ from CaCNO^)^. 
(iv.) Half strength Hoagland's No. 1 nutrient 
ppm Ca^^ from CaCNO^)^ and CaCl^. 
(v.) Half strength Hoagland's No. 1 nutrient 
ppm Ca"^^ from CaCNO^)^ and CaCl^. 
solution with 20 
solution with 50 
solution with 80 
solution with 110 
solution with 200 
Experiment 2. Two lead levels were employed; 0 ppm (control), and 
10 ppm from addition of a 1,000 ppm Pb-EDTA solution to the treat¬ 
ment nutrient solutions. 
Five nutrient regimes were employed; 
(i.) Half strength Hoagland's No. 1 nutrient solution with 1 ppm 
P as H-PO from K}i.-P0.. 
2 4 2 4 
(ii.) Half strength Hoagland's No. 1 nutrient solution with 6 ppm 
P as H_P0/ from KH.,P0/. 
2 4 2 4 
(iii.) Half strength Hoagland's No. 1 nutrient solution with 11 ppm 
P as ILPO/ from KH.,P0,. 
2 4 2 4 
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(iv.) Half strength Hoagland's No. 1 nutrient solution with 16 ppm 
P as H_PO ■ from KH.,PO,. 
2 4 2 4 
(v.) Half strength Hoagland’s No. 1 nutrient solution with 31 ppm 
P as H PO from KPLPO. and Na.PO . 
2 4 2 4 3 4 
Chemical analysis. Plant tissue samples were prepared for Pb analysis 
and analyzed using procedures described in Materials and Methods of 
Chapter I. In addition a U.S. Bureau of Standards orchard leaf 
sample with analysis and reagent blanks were also analyzed after 
undergoing the HNO^-H^O^ digestion procedure to test the accuracy and 
contamination contribution of the chemical analyses performed. 
Results are listed in Table 2. 
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Table 1. Determination of the number of replicates for Chapter III 
using the method of Steel and Torrie fl960). 
Dependent True difference to Number of replicates 
Variable be detected required per treatment 
Leaf dry weight 1.0 gm. 73 
2.0 19 
Stem. dr>^ weight 0.5 80 
1.0 20 
Root dry weight 0.5 30 
1.0 8 
Leaf Pb concentration 30 ppm. 11 
(dry wt. basis) 40 6 
Stem Pb concentration 30 8 
(dry wt. basis) 40 5 
Root Pb concentration 500 133 
(dry wt. basis) 1000 34 
1 - for significant F-Test at 5% level. 
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Table 2. Accuracy in determination of Pb concentrations in plant 
tissues using a HNO -H 0 wet ashing procedure. 
Sample Preparation Method 
U.S. Bureau of 
Standards 
HNO^-H 0_ 
j) 2 2 
Orchard leaf sample, Pb, ppm of dry weight 
45 + 3 
Experiments 1, 2 
44.1^ 
a - Mean of 8 determinations by atomic absorption methods. Analyzed 
January 1981. 
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Results and Discussion 
Effect of calcium and lead levels on lead accunulation. Figure 1 
presents the lead concentrations in cucumber as influenced by calcium 
level. There was no response of lead concentrations in shoots or 
roots of plants grown at the 0 ppm Pb level to increasing calcium 
concentrations (see also Tables 3 and 4). For plants grown at the 10 
ppm Pb level there was no response of shoot Pb concentrations to in¬ 
creasing calcium levels (see also Table 5). However, as calcium level 
was increased, roots accumulated higher Pb concentrations (see also 
Table 6). Response of root Pb concentrations to increasing calcium 
levels was due to increased Pb accumulation as there was no response 
of yield to calcium level (Table 14). 
Studies by John and Van Laerhoven (1972a) and Zimdahl and Foster 
(1976) found that as the amounts of lime amended to Pb-contaminated 
soils were increased the concentrations of Pb in plant shoots were 
reduced. They concluded that liming Pb-contaminated soils resulted 
in a reduction of Pb translocated from roots to shoots of the plants 
studied. Our study suggests that translocation of Pb to shoots does 
not concurrently increase with increasing Pb concentrations in the 
roots when the calcium level in the nutrient medium is also increased. 
Perhaps high calcium levels in their role in maintaining membrane 
permeability and selectivity (Epstein, 1972) in root cells prevented 
translocation of Pb^^ to upper plant parts. 
Plants grown under the control Pb level had low Pb concentrations 
in both shoots and roots. However, when Pb level was increased to 

































































































Table 5. Results of analysis of variance (ANOVA) for shoot lead 
concentration (dry wt. basis), 0 ppm Pb level. 
Source of 
Variation d.f. SS m F-Value 
Total 35 1780.2000 
Calcium 4 183.2021 45.8005 0.987 n.s. 
Blocks 7 543.6033 77.6576 1.673 n.s. 
Residual 23 1067.7479 46.4238 
n.s. - not significant at 5% level. 
Table 4. Results of analysis of variance (ANOVA) for 
centration (dry wt. basis), 0 ppm Pb level. 
root lead con- 
Source of 
Variation d.f. SS MS F-Value 
Total 35 5098.7500 
Calcium 4 550.6169 137.6542 1.047 n.s. 
Blocks 7 1419.3110 202.7587 1.542 n.s. 
Residual 23 3023.6831 131.4645 
n.s. not significant at 5% level. 
121 
Table 5. Results of analysis of variance (ANOVA) for shoot lead 
concentration (dry wt. basis), 10 ppm Pb level. 
Source of 
Variation d.f. MS F-Value 
Total 31 143171.00 
Calcium 4 19627.77 4906.9442 0.892 n.s. 
BT ocks 7 20715.28 2959.3191 0.538 n.s. 
Residual 19 104557.22 5503.0117 
n . s. - not significant at 5% level. 
Tab 1 e 6 . Results of analysis of variance 
centration (dry wt. basis), 10 
(ANOVA) for 
ppm Pb level. 
root lead con- 
Source of 
Variation d.f. SS MS F-Value 
Total 31 1338784297 
Calcium 4 379340748 94835187 2.537* 
linear 1 316667761 316667761 8.473** 
Blocks 7 173670792 24810113 0.664 n.s. 
Residual 19 710101039 37373738 
* - significant at 10% level. 
** - significant at 1% level. 
- not significant at 5% level. n. s. 
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shoot Pb concentrations increased by an average of only 14 times rela¬ 
tive to plants grown under the control Pb level (comparison of means 
over all calcium levels). This indicates very limited translocation 
of Pb from roots to shoots and is consistent with earlier results 
(Chapters 1 and II). 
Because of the large difference in Pb concentrations between 
cucumber plants grown at the control Pb level and the 10 ppm Pb level 
no test of significance could be utilized. However, in comparison to 
the results of Chapters I and II it is obvious that plants grown at 
the 10 ppm Pb level had higher shoot and root Pb concentrations rela¬ 
tive to the control Pb level. 
Effect of phosphorus and lead levels on lead accumulation. Lead con- 
centrations in cucumber as influenced by phosphorus level and Pb level 
are presented in Table 7. As Pb level was increased from control to 
10 ppm, Pb concentrations of both shoots and roots increased (compari¬ 
son of means over all phosphorus levels). No test of significance 
could be used because of the large differences in Pb concentration 
between the control and 10 ppm Pb levels. However, considering the 
results of Chapters I and II, the differences in Pb concentration of 
plants grown at the 10 ppm Pb level and the control Pb level are com¬ 
parable and would be significant. 
There was no response of shoot or root Pb concentrations to in¬ 
creasing phosphorus levels at either Pb level (Tables 8-11). 
Translocation of Pb from roots to shoots was very limited and was 
consistent with the result of Chapters I and II. 
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Table 7. Lead concentrations in cucumber as influenced by phosphorus 
level and Pb level. r j - 
— Plant Part 
Shoots Roots 
Pb Level, ppm 
Phosphorus Level 0 10 0 10 
ppm 
1 3.8 




6 3.8 64 11,8 4694 
11 2.3 67 4.6 5631 
16 4.6 111 6.7 9766 
31 2.8 90 3.0 4484 
Mean 3.4 96 6.0 5395 
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Table 8. Results of analysis of variance (ANOVA) for shoot lead 
concentration (dry wt. basis), 0 ppm Pb level. 
Source of 
Variation d.f. SS MS F-Value 
Total 35 376.7500 
Phosphorus 4 20.8998 5.2249 0.438 n.s. 
Blocks 7 86.1570 12.3081 1.032 n.s. 
Residual 23 274.2002 11.9217 
n.s. - not significant at 5% level. 
Table 9. Results of analysis of variance (ANOVA) 
concentration (dry wt. basis), 10 ppm Pb 
for shoot lead 
level. 
Source of 
Variation d.f. SS F-Value 
Total 35 141808.0000 
Phosphosus 4 30834.8149 7708.7037 1.650 n.s. 
Blocks 7 26312.9065 3758.9866 0.804 n.s. 
Residual 23 88783.8351 4672.8334 
n. s, - not significant at 5% level. 
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Table 10. Results of analysis of variance (ANOVA) for root lead 
concentration (dry wt. basis), 0 ppm Pb level. 
Source of 
Variation d.f. F-Value 
Total 35 6782.2000 
Phosphorus 4 330.1047 82.5262 0.435 n.s. 
Blocks 7 1871.1524 267,3075 1,409 n.s. 
Residual 23 4363.8953 189.7346 
n.s. - not significant at 5% level. 
Table 11. Results of analysis of variance (ANOVA) for root lead 
concentration (dry wt, basis), 10 ppm Pb level. 
Source of 
Variation d.f. SS MS F-Value 
Total 31 777342489.00 
Phosphorus 4 185571718.60 46392929.65 1,838 n.s. 
Blocks 7 100240420.62 14320060.09 0.567 n.s. 
Residual 19 479621628.18 25243242.59 
n.s. - not significant at 5% level. 
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Variation in growth and Pb accumulation was high as with the 
experiments of Chapter II and undoubtedly obscured the effects of 
phosphorus levels on Pb accumulation. The consistent presence and 
high degree of variation leads us to suggest that a variable not in¬ 
tentionally included in these experiments was the cause. 
Growth response. Cucumber yield as influenced by calcium level and 
Pb level are presented in Table 12. As Pb level was increased from 
control to 10 ppm there was no effect on yield (comparison of means 
over all calcium levels). 
Increased calcium levels did not influence yields of shoots or 
roots (Table 13 and 14). 
Cucumber yield as influenced by phosphorus level and Pb level 
are presented in Figure 2, There was no response of root yield to 
increasing the Pb level from control to 10 ppm. Shoot yields were 
slightly higher for plants grown under the 10 ppm Pb level relative 
to the control Pb level as the phosphorus level increased from 6 ppm. 
However, the differences were not significant. Erratic results 
occurred as phosphorus level was increased. Shoot yields increased 
as phosphorus level increased to 11 ppm. However, at the 16 ppm 
phosphorus level yield decreased relative to yields at the 6 and 11 
ppm phosphorus levels regardless of Pb level. Shoot yields were 
highest in plants grown under the 31 ppm phosphorus level for both 
Pb levels. Generally, plant yields increased with increasing phos¬ 
phorus levels in the nutrient medium except at extremely high phosphorus 
levels (Mengel and Kirkby, 1978), Our results on shoot yields concur 
Table 12. Cucumber yield as influenced by calcium level and Pb 
level, 
-- Plant Part-- 
Shoots Roots 
- Pb Level, ppm - 
Calcium Level 0 10 0 10 
ppm - dry wt., g/plant part — 
20 0.75 0.70 0.09 0.08 
50 0.92 0.57 0.12 0,07 
80 0.77 0.91 0.09 0.10 
110 0.62 0.57 0.07 0.07 
200 0.57 0.71 0.06 0.07 
Mean 0.73 0.69 0.09 0.08 
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Table 13. Results of analysis of variance (A.NOVA) for shoot yield 
(dry weight). 
Source d.f. SS MS F-Value 
Total 66 6.01770 
Lead I 0.014516 0.014516 0.216 n .s. 
Calcium 4 0.398858 0.099715 1.481 n.s. 
Block 7 0.307076 0.043868 0.651 n.s. 
Pb-Ca 
Interact, 4 0,374036 0.093509 1.388 n.s. 
Pb-Block 
Interact. 7 0.241485 0.034498 0.512 n.s. 
Ca-BIock 
Interact. 26 2.706785 0.104107 1.546 n.s. 
n.s, - non- significant at 5% level. 
Table 14. Results of analysis of variance for root yield (dry weight) 
Source d.f. SS MS F-Value 
Total 66 0.118300 
Lead 1 0.000889 0.000889 0.693 n.s. 
Calcium 4 0.008235 0,002059 1.604 n.s. 
Block 7 0.001872 0.000267 0.208 n.s. 
Pb-Ca 
Interact. 4 0.005288 0.001322 1.030 n.s. 
Pb-Block 
Interact 7 0.016827 0.002404 1.873 n.s. 
Ca-Block 
Interact 26 0.054377 0.002091 1.629 n.s. 



































with this. Root yields were highest at the 1 ppm phosphorus level 
and decreased slightly as phosphorus level was increased for plants 
grown at the control Pb level. We have no explanation for this. At 
the 10 ppm Pb level root yield was unaffected by phosphorus level 
(Table 15). 
Sources of variation. From the results of our studies it is obvious 
that variation in growth and J’b accumulation by cucumber made clarifi¬ 
cation of the role of plant nutrient interactions with lead on Pb 
accumulation and effects on growth very difficult. The nature and 
consistency of the variation from experiment to experiment precludes 
the source of variation from being the experimental variables as they 
were different for each experiment. 
Possibly, the low light intensity and photoperiod during growth 
in November (Experiment 2, Chapter II; and Experiments 1 and 2, 
Chapter III) caused variable uptake of Pb and other nutrients and 
subsequently variable growth. However, Experiment 1, Chapter II was 
conducted under more optimal light conditions of April and variation 
was still present, 
The general composition of Hoagland’s No. 1 nutrient solution 
may have caused variable uptake of nutrients and variable growth. We 
suggest that other nutrient solutions of different nutritional balance 
or a large volume, dilute, flowing nutriculture system be employed in 
investigations of this kind in the future, 
Use of lead in the form of Pb-EDTA may have affected plant grow'th 
and nutrient and Pb uptake differently than Pb ions would have. 
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Table 15. Results of analysis of variance (ANOVA) for root yield (dry 
weight), 10 ppm Pb level. 
Source of 
Variation d.f. SS MS F-Value 
Total 31 0.0470 
Phosphorus 4 0.002837 0,000709 0,434 n.s, 
Blocks 7 0.011905 0,001701 1.040 n.s. 
Residual 19 0.031082 0,001636 
n.s, - non-significant at 5% level. 
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We believe that the methodology used in these studies was of 
sound nature and that upon discovery and control of the source of 
variation more precise conclusions can be made about plant nutrient- 
lead interactions on uptake and accumulation of lead in vegetable 
species. 
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Summary and Conclusions 
The results of the series of studies performed concur with each 
other and with the results of other researchers on several points. 
First, as the lead level in the nutrient solution increased, 
there was an initial increase in lead concentrations of roots at low 
Pb levels (0.5 ppm) and then of upper plant parts as the Pb level in¬ 
creased to 5.0 ppm and above. This occurred for all vegetable species 
tested in Chapter I and for cucumber in all subsequent experiments. 
Generally, as the lead level in the nutrient solution increased, 
growth (or yield) decreased. The adverse effects of increased Pb 
burden on plants as documented in the literature was confirmed in 
our studies since decreased yields were concurrent with increased Pb 
concentrations in the plants. Visual symptoms of stunting and inter- 
veinal chlorosis consistently were associated with decreased yields and 
increased Pb levels in the nutrient solutions in our studies. 
As had been previously reported, translocation of Pb from roots 
to shoots of the plants studied was consistently very low regardless 
of nutrient regime. 
In studies of the effect of nutrient regime on Pb accumulation 
and translocation, erratic and inconsistent results among experiments 
resulted. Initial studies (Chapter I) indicated that high levels of 
plant nutrients depressed Pb accumulation by cucumber. However, upon 
investigation as to specific nutrient effects (Chapter II) high varia¬ 
tion in growth and Pb accumulation by cucumber obscured the results, 
and these experiments did not consistently confirm the results of 
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Chapter I. Because of the large amount of literature pertaining to 
effects of calcium and phosphorus on plant Pb accumulation, translo¬ 
cation, and toxicity and the uncertainty of whether their effects 
were on plant availability of Pb or on actual plant uptake and accumu¬ 
lation of Pb, further investigations were initiated using varied cal¬ 
cium and phosphorus levels (Chapter III) . However, increased replica¬ 
tion in Chapter III did not diminish the effects of variation although 
it was designed to do so. 
Variation in growth and Pb accumulation was not unique to our 
investigations. Similar variation in Pb concentrations has been en¬ 
countered by others (Miller and Koeppe, 1970; and Ter Haar, 1970), 
Because others have observed high amounts of variation and the varia¬ 
tion in our studies was consistent, we conclude that investigation to 
reveal the source of variation is necessary and precedes clarification 
of the effects of plant nutrients on Pb accumulation and distribution 
in plants. 
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